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ABSTRACT 


The  subject  of  this  report  is  the  study  of  liquid  dielectric 
transmission  lines  and  their  potential  application  as  a  reliable  \J 

excitation  source  in  high  power,  high  repetition  rate  laser  designs. 

The  design  problems  associated  with  the  construction  of  high  repetition 
rate  (khz),  short  wavelength  lasers  have  been  reviewed  and  the  major 
shortcomings  of  conventional  electrical  driving  circuits  identified. 

The  identification  of  these  shortcomings  and  a  review  of  the  available 
literature  on  electrical  circuits  for  various  types  of  lasers  suggested 
that  liquid  dielectrics  and  transmission  lines  could  potentially  have 
significant  advantages  over  more  conventional  circuitry  used  in  high 
repetition  rate,  short  wavelength  lasers.  Use  of  this  excitation  source 
for  laser  pumping  is  expected  to  result  in  major  performance  improvements 
with  regard  to  high  average  power,  high  repetition  rate  operation,  high 
wall-plug  efficiency,  and  high  reliability. 

The  pump  source  consists  essentially  of  a  fast  and  highly  reliable 
electrical  driving  or  pulse  forming  network  coupled  either  to  a  series  of 
sparks  for  optical  pumping  or  to  a  simple  discharge  for  direct  gas 
excitation.^  The  key  component  is  a  liquid-filled  transmission  line  which 


operates  at  high  repetition  rates  ('v  10^  Hz)  and  provides  reliable  energy 
storage  and  pulse  forming.  Unlike  capacitor  discharge  systems,  liquid- 
filled  transmission  lines  characteristically  provide  a  rectangular  current 
pulse  whose  duration  is  selectable.  With  proper  design  the  transmission 
line  impedance  can  be  varied  to  match  that  of  the  gas  load  and  hence 
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provide  excellent  energy  transfer  efficiency.  The  fast  risetime  of  the 
rectangular  current  pulse  also  reduces  the  energy  wasted  prior  to  achieving 
threshold  current  levels;  moreover,  it  provides  a  constant  excitation 
rate  which  is  clearly  desirable  for  maintaining  temporal  gain  uniformity. 

In  addition,  liquid-filled  transmission  lines  are  self-healing  and 
rugged,  thus  providing  longer  lifetimes  than  capacitors  during  highly- 
stressed  fast  pulse  operation.  Further,  using  the  system  under  development 
at  PSU,  extremely  high  repetition  rates  (  > 1  kHz)  appear  possible,  thus 
greatly  facilitating  the  achievement  of  high  average  power  lasers. 

In  Part  I  of  this  Final  Report  background  on  the  project  is  given, 
including  a  review  of  pulsed  excitation  schemes.  Development  of  the 
liquid  dielectric  transmission  line  scheme  and  its  design  is  described 
in  detail,  Laboratory  tests  and  their  results  for  a  prototype  pulser. 
device  are  also  presented.  Results  showed  that  the  electrical  driving 
network  was  capable  of  reliably  delivering  high  voltage,  50  nsec  square 
wave  current  pulses  at  repetition  rates  exceeding  one  khz.  Recommendations 
for  further  study  are  presented. 

In  Part  II  background  and  results  are  presented  of  preliminary 
computer  modeling  of  the  excitation  system  and  its  operation.  The  purpose 
of  this  part  of  the  study  was  to  help  more  clearly  determine  the  pulser 's 
capabilities,  limitations,  and  further  research  needs  prior  to  incorporation 
into  an  actual  laser. 
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PREFACE 


The  research  effort  presented  in  this  report  originated  out 
of  the  need  identified  by  Los  Alamos  Scientific  Laboratories  and  others 
for  a  reliable,  long  lived,  high  repetition  rate  electrical  driving 
network  for  use  in  various  short  wavelength  laser  excitation  schemes. 
This  work  was  initiated  in  the  fall  of  1975  with  an  extensive  litera¬ 
ture  search  on  the  electrical  circuits  used  in  electric  discharge  and 
flashlamp  pumped  lasers. 

Initial  efforts  in  the  design  stage  centered  on  improving 
flashlamps  used  to  pump  dye  lasers.  Later  these  efforts  were  expanded 
to  Include  direct  electrical  discharge  excitation  schemes  as  well. 
Review  of  conventional  circuitry  used  in  these  types  of  systems  identi¬ 
fied  the  energy-storage  capacitor  as  the  weak-llnk  precluding  long 
lived,  high  repretition  operation.  Typical  lifetimes  for  the  low- 
inductance,  high  energy  density  capacitors  used  in  these  circuits 
varied  from  a  low  of  10,000  to  a  high  of  several  million  discharge 
cycles.  At  1  khs  repetition  rates  the  lifetimes  of  these  type  capaci¬ 
tors  are  quickly  extinguished. 

A  literature  review  of  various  types  of  gas,  liquid  and  solid 
dielectrics  use  in  capacitive  energy  storage  schemes  identified  several 
liquids,  notably  glycerine,  water  and  oil,  whose  electrical  properties 
appeared  favorable  to  the  design  of  an  electrical  driving  network  with 
the  desired  characteristics.  Liquid  dielectrics  were  chosen  due  to 
their  high  energy-density  storage  capabilities  for  short  duration 
pulses,  and  because  they  are  self-healing  in  case  an  internal  fault 


condition  occurs.  Transmission  type  pulse  lines  were  used  to  provide 
square  wave  approximation  pulse  shapes  for  potential  laser  applications. 

The  actual  transmission  lines  were  constructed  in  the  summer  of 
1976  with  funds  obtained  through  an  internal  grant  from  the  PSU  Research 
and  Publications  Committee.  The  initial  experimental  work  with  this 
system  began  in  late  1976.  Due  to  the  lack  of  a  suitable  power  supply, 
repetition  rates  of  only  10  to  10  hz  were  attainable. 

In  the  fall  of  1977  a  small  grant  was  obtained  from  the  Office  of 
Naval  Research  to  further  study  the  liquid-dielectric  transmission  line 
concept.  A  high  voltage  power  supply  was  purchased,  and  the  equipment 
and  measurement  capability  was  refined  in  order  to  extend  the  operating 
range  of  the  liquid-dielectric  pulser  circuit  to  as  high  as  2  khz 
repetition  rates.  A  renewal  contract  continued  the  project  for  a 
second  year.  Experiments  continued  along  with  further  development  of 
the  concept.  In  addition,  preliminary  computer  modeling  was  undertaken. 
Thus,  the  project  results  are  presented  in  two  parts:  Part  I,  Background 
and  Laboratory  Testing  of  Pulser  Circuit,  and  Part  II,  Pulser  Circuit 
Computer  Modeling. 
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1 .  INTRODUCTION 


Background 

In  recent  years  there  has  evolved  considerable  interest  in 
the  development  of  lasers  operating  in  the  ultra-violet  region  of  the 
spectrum.  It  is  here  that  many  of  the  electronic  transitions  in  atoms 
and  molecules  occurO)  and  a  tunable,  narrow  band  source  of  coherent 
radiation  would  greatly  facilitate  the  study  of  the  electronic  struc¬ 
ture  of  atoms  and  molecules.  Ultraviolet  sources  are  also  urgently 
needed  for  a  wide  variety  of  photochemical  processes,  most  notably  that 
of  isotope  separation. (2)  These  two  applications  alone  have  war¬ 
ranted  the  growth  of  extensive  research  programs  throughout  the  world 
to  develop  UV  (ultra-violet)  lasers  of  various  types.  The  present  lack 
of  suitable  lasers  in  this  region  as  compared  to  the  proliferation  of 
sources  that  has  appeared  in  the  visible  and  infrared  portions  of  the 
spectrum  can  best  be  understood  by  a  review  of  the  fundamental  con¬ 
siderations  in  obtaining  laser  action.  The  basic  difficulty  in  obtain¬ 
ing  lasing  in  this  region  of  the  spectrum  was  first  noted  by  Schalow 
and  TownesO)  in  their  original  analysis  on  Infrared  and  optical 
lasers.  They  showed  that  the  required  excitation  power  needed  to 
establish  useful  inversion  densities  was  strongly  frequency  dependent. 
The  results  of  their  analysis  shows  that  the  dependence  of  inversion 
density  N  on  excitation  power  P  and  lasing  frequency  V  is 

A  N  P  V  (1) 

This  clearly  shows  the  difficulties  encountered  in  achieving  useful 
inversion  densities  and  laser  action  at  short  wavelengths  or  high 
frequencies. 
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Scope  of  Study 

lc  is  Che  partial  intention  of  this  study  to  review  the 
present*  methods  for  attaining  the  high  levels  of  power  needed  to 

successfully  pump  a  UV  laser.  It  has  been  found  in  a  review  of  the  ! 

j 

literature  that  only  too  often  lasers  have  been  designed  with  respect  j 

to  the  convenience  of  available  components  and  simplicity  of  construc¬ 
tion.  This  design  procedure  is  entirely  justifiable  in  many  instances, 
but  applications  such  as  Isotope  separation  require  an  especially 
efficient  use  of  the  available  power.  In  particular,  a  unique  elec¬ 
trical  driving  network  has  been  designed,  constructed  and  tested  to  j 

i 

verify  that  it  could  not  only  deliver  the  necessary  input  powers  for 
obtaining  UV  laser  action,  but  show  needed  improvement  in  performance 
with  respect  to  reliable,  high  power  capabilities.  These  characteris¬ 
tics  are  of  special  interest  to  laser  systems  destined  for  isotope 
separation  and  other  wavelength  selective  chemical  synthesis  techniques 
because  of  their  possible  application  to  commercial  processes. 

A  review  of  the  literature  on  the  electrical  driving  networks 
used  in  many  short  wavelength  laser  schemes  showed  that  the  weakest 
link  precluding  reliable,  high  repetition  rate  operation  was  the  energy 
storage  capacitor  used  in  the  high  speed  discharge  circuits.  The  high 
speed  requirements  were  met  by  using  very  high  voltage,  low  inductance 
capacitors.  The  low  inductance  in  these  type  of  capacitors  was  par¬ 
tially  achieved  by  minimizing  the  positive-negative  electrode 
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separation  distance  which  also  maximizes  the  dielectric  stress. 
Maximizing  the  dielectric  stresses  of  a  capacitor  almost  invariably 
leads  to  short  capacitor  lifetimes  because  sooner  or  later  an  Internal 
fault  or  breakdown  will  occur  in  the  dielectric  itself. 

It  was  for  this  reason  that  another  literature  search  was 
made  on  various  types  of  dielectrics  including  gases,  liquids  and 
solids  in  order  to  find  one  with  electrical  characteristics  more 
favorable  to  the  design  of  a  long  lived,  lov  inductance  capacitive 
storage  system.  The  literature  search  revealed  that  several  liquids, 
most  notably  transformer  oil,  water  and  glycerin  had  many  of  the 
desired  electrical  characteristics.  A  electrical  circuit  was  then 
designed  to  take  advantage  of  the  properties  of  liquid  dielectrics. 

Thus,  the  design  of  the  driving  network  used  in  the  present 
research  effort  centers  around  the  use  of  liquid  filled  transmission 
lines  which  generate  rectangular  shaped  output  pulses  when  discharged 
into  matched  resistive  loads.  Liquid  dielectrics  were  used  in  prefer¬ 
ence  to  solids  because  of  their  self-healing  characteristics  under 
fault  conditions.  Of  all  the  liquids  considered,  glycerine  appeared  to 
be  the  best  choice  because  of  its  high  dielectric  constant  (k  -  44) , 
good  breakdown  strength  (>  20  kv/mm) ,  and  electrical  stability  under  no 
flow  conditions.  Pure  water  was  initially  selected  for  use,  but 
subsequent  experimentation  revealed  that  ionization  products  degraded 
the  electrical  properties  so  fast  that  only  continuous  deionization 
would  render  it  usable  in  the  prototype  system.  Because  the  selected 
dielectric  also  suffered  significant  losses  when  left  charged  for  more 
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than  a  few  usees  due  to  internal  bleedoff,  it  was  necessary  to  pulse 
charge  it  to  make  effective  use  of  the  available  power.  In  this 
context  two  different  types  of  pulse  charging  networks  were  constructed 
and  used  in  the  various  experimentation  phases  of  the  research  pro¬ 
ject.  The  first  consisted  of  a  low  inductance,  two  stage  Marx  bank 
reslstlvely  charged  by  a  17  kv,  100  watt  power  supply.  The  second 
pulse  charging  network  was  based  on  a  voltage  doubling,  resonant 
charging  scheme  utilizing  a  capacitor  discharge.  This  second  network 
was  constructed  in  order  to  increase  the  power  transfer  efficiencies 
from  the  electrical  mains  to  the  transmission  line  storage  elements. 
The  latter  circuit  realized  transfer  efficiencies  approximately  10 
times  greater  than  those  obtainable  with  the  Marx  bank. 

Initially,  testing  of  the  glycerine  filled  transmission  lines 
was  aimed  at  determining  the  practical  attainable  working  stresses. 
Later  experiments  explored  fault  conditions,  healing  times  and  charging 
voltage  waveforms.  After  the  proper  range  of  working  conditions  were 
determined,  the  experimentation  was  directed  toward  measurements  of  the 
current  and  voltage  output  waveforms  under  varying  conditions  of  load 
lmpedence  and  inductance.  Later  work  Included  extending  the  repetition 
races  from  single  shot  experiments  to  high  repetition  rates  in  the  low 
khz  range. 

During  the  course  of  the  experimental  work,  a  continuing 
study  of  potential  laser  applications  was  being  made.  This  study, 
which  was  mainly  an  extensive  literature  search  and  review,  revolved 
around  trying  to  categorise  that  group  of  applications  Including 
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laser  mediums  which  might  benefit  from  the  characteristics  of  this 
particular  type  of  electrical  driving  network.  A  list  of  these 
potential  applications  including  further  work  that  should  be  performed 
with  liquid  dielectric  energy  storage  systems  is  discussed  in  the 
recommendation  section  of  this  study.  In  addition,  because  it  was 
recognized  that  the  next  major  step  should  involve  incorporation  of  the 
excitation  system  into  an  actual  laser,  that  was  an  expected  follow-on 
project.  Simultaneous  analytical  modeling  of  the  transmission  line  was 
also  anticipated. 
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2.  REVIEW 


General  Pumping  Techniques 

Two  of  the  more  prominent  pumping  schemes  used  today  are  that 
of  electrical  and  optical  pumping*  The  former  is  the  most  efficient 
theoretically  because  the  latter  introduces  an  intermediate  conversion 
step  (electrical  to  optical)  which  can  only  decrease  total  conversion 
efficiencies.  Since  both  of  the  pumping  techniques  impact  a  wide 
variety  of  ultraviolet  lasing  mediums,  both  will  be  considered  briefly 
with  respect  to  their  general  operating  characteristics.  It  is  not  the 
purpose  of  this  investigation  to  address  these  techniques  in  their 
totality  but  to  focus  on  the  process  of  taking  electrical  energy  from 
the  utilities  distribution  system  and  delivering  it  to  an  appropriate 
load,  whether  it  be  a  flashlamp  or  laser  gas.  Therefore,  flashlamps 
and  lasing  mediums  will  be  addressed  only  with  respect  to  their  effects 
on  the  driving  network  used  and  detailed  laser  and  gas  discharge 
kinetics  will  be  avoided. 

Optical  pumping  is  presently  the  only  practical  method  for 
attaining  laser  action  in  the  various  liquid  and  solid  laser  mediums 
discovered  to  date.  The  most  well  known  liquid  laser  is  the  dye  laser 
whose  wide  tuning  capability  has  elevated  it  to  a  prominent  place  in 
many  research  laboratories.  There  are  a  number  of  dyes  which  operate 
in  the  ultraviolet  with  the  lower  end  extending  down  to  340  nm  in 
paraterphenyl.t*)  Solid  state  lasers  on  the  other  hand  do  not  pres¬ 
ently  operate  directly  in  the  ultraviolet,  but  must  rely  on  non¬ 
linear  upconverslon  techniques  for  obtaining  coherent  UV  radiation. 
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Since  this  method  involves  not  only  electrical  to  optical  to  lasing 
conversion  steps,  but  the  additional  one  of  a  nonlinear  nature  it  will 
be  addressed  no  further  because  of  its  inherent  overall  inefficiency 
and  inability  to  be  scaled  to  high  average  powers. (5) 

One  of  the  most  widely  used  pulsed  light  sources  is  that 
produced  by  a  spark  discharge  in  a  high  pressure  gas. (6)  The  radia¬ 
tion  is  caused  by  the  retardation  of  electrons  in  the  field  of  positive 
ions  (free-free  transitions),  electron-ion  recombinations  (free-bound 
transitions),  and  finally  the  radiation  broadened  lines  of  bound 
electron  transitions  (bound-bound  transitions).  To  produce  these  high 
brightness  light  sources  it  is  common  to  use  a  high  voltage,  low 
inductance  discharge  circuit  and  a  high  pressure  flashlamp.  It  should 
be  pointed  out  that  high  voltage,  low  inductance  discharge  circuits 
are  also  used  in  direct  electrical  pumping  schemes  as  well.  This 
common  link  is  very  important  to  the  latter  systems  because  of  the 
wealth  of  information  available  on  high  intensity  light  sources.  Long 
before  the  advent  of  the  laser,  considerable  amounts  of  data  were 
amassed  concerning  high  power  spark  discharges.  Much  of  this  informa¬ 
tion  is  related  to  the  complex  interactions  between  driving  source  and 
gas  load.  Detailed  studies  have  also  been  made  of  the  spectral  output 
of  various  types  of  discharges.  This  latter  information  is  an  excel¬ 
lent  indicator  of  energy  level  populations  and  by  correlating  the 
spectral  output  with  the  circuit  parameters  used  in  these  studies  it  is 
possible  to  size  relevant  circuit  parameters  when  designing  various 
types  of  gas  lasers,  UV  or  otherwise.  It  is  because  of  this  common 
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connection  that  spark,  discharges  are  so  important  to  the  development  of 
efficient  gas  lasers.  It  is  also  the  reason  why  many  of  the  design 
criterion  used  in  this  investigation  on  fast  discharge  pumping  schemes 
were  derived  from  spark  discharge  studies. 


High  Intensity  Spark  Discharge  Circuits 

High  brightness,  ultraviolet  rich  spark  discharges  are 
generally  produced  from  high  voltage,  low  inductance  discharge  cir¬ 
cuits.  The  high  voltage,  low  inductance  requirements  insure  the 
maximum  possible  speed  of  energy  input  from  the  capacitor  to  the 
discharge  channel.  An  idea  of  how  these  parameters  actually  affect  the 
power  input  can  be  gained  by  analyzing  the  current-time  dependency  of  a 
damped  RLC  oscillation.  It  is  well  known  that  the  RLC  discharge 
current  Is  given  by  the  express  ionS) 


-(Rt/2L) 

ICO-  h 

Ci 

For  the  case  of  an  underdamped  oscillation  (i.e. 
1/LC  »  R2/4L2)  expression  (2)  reduces  at  the  beginning  of  the 
discharge  to 
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where  Vo  is  the  initial  capacitor  voltage,  C  the  capacitance  and  L 
the  total  loop  inductance  of  the  discharge  circuit.  Inspection  of 


equation  (3)  will  show  that  (L/C)  1/2  has  the  units  of  ohms  and  is 
usually  termed  the  reactive  impedance  (Z)  of  the  discharge  circuit. 


(l/LC)l/2  on  the  other  hand  has  the  units  of  frequency  and  repre¬ 
sents  the  angular  oscillation  frequency  (  )  of  the  discharge.  The  rate 
of  power  input  to  a  resistive  load  is  to  a  first  approximation  given  by 
the  time  rate  of  current  buildup  dl/dt  in  the  channel.  Differentiation 
of  (3)  shows  that  initially  this  time  rate  of  change  dl/dt  depends  only 
on  the  voltage  and  inductance  of  the  discharge  circuit. 

(dI/dt)t-o  -  Vc/L  (A) 

The  maximum  value  of  the  current  and  hence  power  input  is  given  in  an 
underdamped  circuit  by 


*max  “  Vc/8  (5) 

where  Z  represents  the  reactive  impedance  (L/C) 1/2  0f  the  discharge 
circuit. 

Based  on  the  above  considerations  the  rate  of  power  input  to 
a  high  pressure  spark  discharge  can  be  increased  by  raising  the  volt¬ 
age,  lowering  the  circuit  inductance  or  both.  In  order  to  construct 
high  intensity  spark  light  sources  it  becomes  necessary  to  use  high 
voltage,  low  inductance  capacitors  coupled  with  the  proper  busing 
network  for  connecting  the  capacitors  to  the  discharge  gap.  To  reduce 
the  inductance  of  the  discharge  circuit  to  a  minimum  possible  value  the 
arrangement  of  the  circuit  elements  should  be  such  that  the  magnetic 
field  formed  by  the  current  is  contained  in  the  smallest  possible 
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volume.  It  should  be  noted  that  with  a  given  set  of  circuit  com¬ 
ponents  the  maximum  power  input  occurs  under  critically  damped  con¬ 
ditions.  That  is  all  of  the  energy  stored  in  the  capacitor  is  de¬ 
livered  to  the  spark  load  in  approximately  the  first  half  period  of 
oscillation  instead  of  being  spread  out  over  many  periods  as  in  the 
underdamped  case.  The  energy  stored  in  a  capacitor  is 

E  -  1/2  CVc2  (6) 

where  V  is  the  charging  voltage  and  C  the  capacitance.  The  first  half 
period  is  given  by 

T  -'TT'(LC)l/2  (7) 

with  L  being  the  total  discharge  circuit  inductance.  The  average  power 
input  during  the  discharge  pulse  is  then 

pave  "  Vc 2/2 Tl*  a  (8) 

where  Z  is  again  just  the  reactive  part  of  the  total  discharge  im¬ 
pedance.  The  total  discharge  impedance  is  the  sum  of  the  reactive  and 
resistive  parts.  It  happens  that  for  the  critically  damped  case  the 
reactive  component  is  one-half  the  resistive  part. (8) 

Rc  -  2(L/C)*/2  (9) 

Therefore,  the  average  power  could  alternatively  be  given  as 


pave  “  vZ/TTRc 


(10) 


IC  should  be  clarified  ChaC  these  results  are  only  first  approximations 
because  the  actual  energy  delivery  during  a  critically  damped  pulse 
extends  somewhat  beyond  the  first-half  period.  Even  so  this  analysis 
does  show  the  relative  effect  chat  various  circuit  parameters  have  on 
the  power  input  to  a  spark  discharge.  It  should  also  be  realized  that 
because  of  the  changing  discharge  impedance  with  respect  to  time  during 
breakdown,  exact  matching  between  the  reactive  and  re'sistive  parts  of 
the  circuit  is  not  entirely  possible.  It  is  known  that  the  spark 
impedance  during  breakdown  goes  from  a  very  high  value  to  a  small 
fraction  of  an  ohm. (9)  Because  of  this  changing  impedance,  discharge 
circuits  are  usually  designed  to  deliver  maximum  power  after  che 
discharge  has  leveled  off  to  its  low  impedance  level.  A  critically 
damped  discharge  pulse  is  also,  because  of  its  limited  length,  the  most 
efficient  pulse  shape  for  transferring  electrical  energy  from  a  source 
to  a  coherent  optical  output.  This  second  characteristic  is  the  result 
of  temporal  changes  in  the  populations  of  various  energy  levels  of  the 
lasing  medium  of  interest.* 

Self-Terminating  Laser  Candidate  Systems 

The  following  is  a  discussion  of  three  particular  types  of 
lasing  systems  which  benefit  from  using  a  critically  damped  discharge 
pulse  (i.e.,  one  of  a  limited  length)  in  the  excitation  scheme  used  to 
achieve  lasing  conditions.  These  three  systems  all  lase  at  short 
wavelengths  and  are  potential  candidates  for  use  in  high  repetition 
rate,  chemical  process  oriented  applications. 


*This  may  also  apply  to  mediums  not  directly  Involved  in  the  lasing 
process  such  as  dye  solvents  or  host  mediums  in  solid  state  lasers. 
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There  are  many  cypes  of  lasers  whose  outputs  terminate 
prematurely  before  the  conclusion  of  the  pumping  pulse.  The  molecular 
nitrogen  laser  operating  at  3371  X  in  the  ultraviolet  is  one  of  the 
mo6t  well  known  of  these  self-terminating  lasers.  The  reason  for  this 
self-termination  in  the  nitrogen  laser  is  due  to  the  fact  that  the 
lower  laser  level  (B^f^g)  has  a  lifetime  of  about  6  usees,  more 
than  two  magnitudes  greater  than  the  40  nsec  lifetime  of  the  upper 
level  (c3"rr^^  ).(10)  Population  inversion  can  be  achieved  because 
the  excitation  cross  section  of  the  upper  level  is  about  twice  as  large 
as  the  lower  one,  so  using  a  very  fast  discharge  the  system  can  be 
inverted.  The  long  lifetime  of  the  lower  level  as  compared  to  the 
upper  is  the  reason  for  the  self-terminating  nature  of  this  laser.  The 
lower  level  bottlenecks  the  electronic  flow,  effectively  destroying  the 
inversion  condition  and  lasing.  It  is  for  this  reason  that  the  dis¬ 
charge  pulse  lengths  necessary  to  efficiently  pump  the  N2  laser 
should  be  no  longer  than  the  upper  state  lifetime  or  about  40  nsec. 
For  a  discharge  pulse  longer  than  this  much  of  the  energy  will  be 
needlessly  wasted. 

The  flashlamp  pumped  dye  laser  also  has  a  type  of  self- 
terminating  characteristic  associated  with  it.  The  operating  principle 
of  a  dye  laser  is  much  the  same  as  for  other  lasers.  The  dye  molecules 
are  raised  to  the  lowest  singlet  state  directly  or  more  often  by 
relaxation  from  some  higher  lying  singlet  state.  Lasing  Involves  a 
return  to  a  lower  level  by  stimulated  emission.  These  processes  are 
further  complicated  by  nonradiative  transitions  to  the  lower  level, 
8ingletstate  absorption  of  the  lasing  wavelength  and  more  importantly. 
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intersystem  crossing  from  the  upper  singlet  level  to  a  long-lived 
^  triplet  state  which  can  also  absorb  at  the  lasing  wavelength. ( H) 

These  processes  are  not  as  detrimental  to  lasing  as  in  the  N2  bottle¬ 
necking  case,  but  intersystem  crossing  and  subsequent  absorption  at  the 
I  lasing  wavelength  severely  restricts  the  levels  of  wall  plug  conversion 

length  severely  restricts  the  levels  of  wall  plug  conversion  effic- 
iences  obtainable  for  times  longer  than  that  required  for  intersystem 
1  crossing  to  occur  (100  nsec  or  more).  Even  though  there  exists 

quenching  agents  that  do  prevent  a  large  accumulation  of  molecules  in 
the  triplet  state, C 12)  any  molecules  that  do  cross  over  represent  a 
loss  in  efficiency.  Therefore,  here  too,  the  maximum  overall  wall  plug 
conversion  efficiencies  should  be  attained  with  short  high  power  pump 
pulses. 

#  The  last  system  to  be  discussed  concerning  self-termination 
and  probably  the  most  promising  today  regarding  the  development  of  a 
high  power,  efficient,  ultraviolet  laser  is  the  rare  gas  mono-halide 

*  group.  This  group  of  lasers  is  based  on  gaseous  exdmers.  An  excimer 
is  a  molecule  which  only  exists  in  the  excited  state  and  dissociates 
when  it  reaches  the  ground  state.  This  is  because  the  ground  state  is 

^  weakly  bound  or  even  repulsive  and  the  only  stable  state  is  the  excited 

one.  Since  the  terminal  state  is  very  unstable  it  exists  only  for 
about  10~13  second  (l.e.  chat  time  required  for  molecular  vibration). 
This  extremely  fast  depopulation  prevents  the  terminal  state  bottle¬ 
necking  problem  of  the  nitrogen  laser.  The  fact  that  the  ground  state 
is  also  the  lower  laser  level  is  one  of  the  reasons  for  the  high 
quantum  efficiencies  of  this  laser.  There  are  other  factors  which 
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contribute  to  this  laser  group's  high  overall  efficiency,  but  what  we 
are  concerned  with  here  is  the  the  self-termination  characteristic  that 
also  shows  up  in  the  rare-gas  mono  halides. 03)  All  of  the  reasons 
are  as  yet  unclear,  but  present  evidence  seems  to  indicate  that  both 
gas  clean-up  and  discharge  runaway  (arcing)  are  major  causes  for 
premature  laser  pulse  termination.  Whatever  the  reason  it  appears  that 
efficient  operation  of  UV  wavelength  rare  gas  halides  may  also  require 
short  pulse  length  electrical  discharges. 

These  previous  three  cases  of  self-terminating  laser  action 
have  been  used  to  illustrate  the  fact  that  the  efficient  transfer  of 
energy  from  a  source  to  a  coherent  optical  output  may  not  only  require 
a  high  rate  of  power  input  in  accordance  with  equation  (1),  but  should 
also  satisfy  a  temporal  requirement  as  well.  The  most  efficient  pulse 
shape  or  duration  for  exciting  many  types  of  UV  lasers  has  been  found 
to  be  of  a  very  limited  length  usually  much  less  than  a  usee.  This 
additional  requirement  of  short  pulse  length  poses  a  very  serious 
reliability  problem  with  respect  to  the  components  that  make  up  the 
discharge  circuit.  This  reliability  problem  arises  because  a  short 
pulse  length  is  achieved  by  using  very  low  inductance  circuit  elements 
including  the  primary  energy  storage  element,  the  capacitor.  As 
mentioned  earlier,  low  inductance  capacitors  have  very  limited  life¬ 
times  in  high  voltage,  fast  discharge  (i.e.,  short  pulse  length) 
applications.  See  the  section  on  capacitors  for  a  more  detailed 
explanation  of  this  problem. 
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FAST  ELECTRICAL  D1SCHARCE  EXCITATION  TECHNIQUES 


Introduction 

The  discharge  circuits  used  to  directly  pump  various  UV  laser 
mediums  must  at  least  satisfy  equation  (1)  and  should  have  a  short 
pulse  length  for  maximizing  transfer  efficiencies.  The  actual  pulse 
length  will  be  determined  primarily  by  the  lasing  medium  selected 
because  of  the  need  for  the  pulse  excitation  length  or  time  to  be  less 
than  that  required  for  self-termination  to  occur  in  the  selected  lasing 
system. 

Figure  3.1  shows  a  schematic  diagram  of  the  usual  arrangement 
of  electrical  components  in  a  fast,  high  power  discharge  circuit. 
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The  discharge  circuit  proper  usually  consists  of  an  energy  storage 
element,  an  output  switch  and  of  course  an  appropriate  load,  be  it  a 
flashlamp  or  laser  gas  medium.  In  reality  any  practical  high  power 
electrical  driving  circuit  not  only  includes  a  discharge  circuit  but 
also  a  circuit  to  charge  the  energy  storage  element  as  shown  in  Figure 
3.1.  Notice  that  the  storage  element  is  common  to  both  the  charging 
and  discharging  sections  of  this  circuit.  There  are  many  different 
varieties  of  these  two  circuits,  each  with  its  advantages  and  disadvan¬ 
tages.  The  following  sections  are  a  review  of  the  various  methods  and 
components  used  in  these  types  of  circuits. 

Energy  Storage  Elements 

The  two  most  general  ways  of  storing  and  subsequently  re¬ 
trieving  electrical  energy  are  the  capacitor  which  stores  energy  in  an 
electric  field  and  the  inductor  which  utilizes  a  magnetic  field  for 
storage  purposes.  The  latter  form  of  storage  has  not  yet  been 
developed  to  the  extent  that  capacitive  storage  has  because  of  the  lack 
of  a  suitable  switch.  For  high  energy  systems  (kilojoules)  capacitive 
energy  storage  costs  between  $.10  and  $1.00  per  joule  depending  on  the 
complexity  of  the  switching  and  energy  transmission  systems.  The 
economics  of  an  inductive  system  on  the  other  hand  is  estimated  to  be 
at  least  an  order  of  magnitude  lower.  Moreover,  including  the  switch, 
an  inductive  system  will  be  far  more  compact  than  a  comparable  capaci¬ 
tive  system.  Therefore,  inductor  storage  switch  development  is  under¬ 
way  at  various  laboratories  around  the  world,  but  presently  the  capaci¬ 
tor  is  far  easier  to  energise  and  switch  across  a  load  than  an 
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inductor.  It  is  not  then  unexpected  that  present  high  power  electrical 
discharge  systems  are  designed  around  the  capacitor  with  all  its 
advantages  and  unfortunately,  faults. 

The  Capacitor 

The  capacitor  is  one  of  the  oldest  forms  of  electrical  energy 
storage  devices  for  pulsed  power  requirements.  Capacitance  exists 
between  any  two  electrical  conductors.  Basically  a  capacitor  consists 
of  two  parallel  conductors  separated  by  a  dielectric  material.  The 
actual  energy  storage  occurs  in  the  dielectric,  and  thus  it  plays  a 
major  role  in  the  operation  of  a  capacitor.  When  a  direct  voltage  is 
applied  to  a  capacitor,  the  electric  field  is  distorted  and  the  bound 
electric  charges  are  polarized  or  displaced  from  their  normal  position 
of  equilibrium.  If  the  voltage  per  unit  length  (i.e.  electric  field 
strength)  is  increased  beyond  a  certain  point,  the  dielectric  may  break 
down,  resulting  in  a  short  and  failure  in  the  capacitor.  This  factor 
is  important  in  determining  the  applicability  of  any  one  dielectric 
towards  capacitor  construction  and  is  characterized  by  the  measurable 
quantity  of  dielectric  strength  which  can  be  given  in  kv/mm.  The  total 
energy  stored  in  a  capacitor  (V/s)  is  given  by  equation  (6)  to  be 

E  -  1/2  CVc2  (6) 


For  a  parallel  plate  capacitor  the  capacitance  is  given  by  reference 


a 


With  €  being  Che  permittivity  of  the  dielectric,  A  the  plate  area  and 
s  the  plate  separation  or  dielectric  thickness.  Therefore,  for  a 
given  €  ,  A,  and  s  which  determine  the  capacitance  of  an  electrical 
element,  if  the  dielectric  strength  of  the  material  used  in  the  element 
I  is  increased,  then  the  applied  voltage  that  can  be  used  on  this  element 

can  also  be  increased.  Referring  back  to  equation  (6),  an  increase  in 
the  usable  voltage  will  lead  to  an  increased  energy  storage  capability 
I  for  a  given  size  capacitive  element.  This  fact  is  more  properly 

represented  by  an  Increase  in  energy  density,  which  is  the  energy 
stored  per  unit  volume  of  dielectric  material.  The  only  other 
,  parameter  that  can  increase  the  energy  density  is  the  dielectric 

permittivity.  It  is  the  permittivity  and  the  dielectric  strength  which 
affect  the  construction  of  high  energy  density  capacitors.  The 
I  delivery  ability  of  any  capacitor  with  respect  to  speed  is  reflected  by 

the  system's  inherent  inductance.  Low  inductance  is  required  for  fast 
energy  delivery  because  during  discharge  of  a  capacitor  the  Impulse 

*  current  branches  off  energy  to  the  magnetic  field  equal  to  1/2  LI^ 
(see  reference  9)  which  reduces  the  first  peak  value  of  the  impulse 
current;  L  is  the  Inductance  of  the  discharge  loop  and  I  the  Impulse 

*  loop  current.  The  energy  absorbed  by  the  magnetic  field  is  not  lost 
but  becomes  effective  during  the  latter  part  of  the  discharge.  With 

proper  circuit  design  most  of  the  inductance  found  in  the  discharge 

r 

circuit  will  be  the  self-inductance  of  the  capacitor  itself. 

The  optimum  pulse  shape  for  maximizing  transfer  efficiencies 
has  been  shown  to  be  a  critically  damped  one.  The  pulse  width  for  the 
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critically  damped  case  is  given  by  equation  (7),  as  follows: 


T  -TP  (LC)1/2 


This  expression  shows  that  critically  damped  discharge  pulse  lengths 
are  proportional  to  the  square  root  of  the  inductance-capacitance 
product.  The  average  power  delivered  during  the  time  of  this  pulse  is 
given  by: (8) 


pave  "  Vc2/2  Th  B 


Inspection  of  these  two  equations  will  show  that  for  a  given  voltage 
and  capacitance  the  pulse  length  can  be  reduced  and  the  power  increased 
by  lowering  the  total  inductance  in  the  discharge  loop.  The  difficulty 
in  p  ractically  accomplishing  this  is  the  strong  interdependence 
between  the  inductance  and  capacitance  of  an  energy  storage  capacitor. 
The  inductance  of  a  simple  parallel  plate  is  equal  tozC1^) 

L  -  M  b  H/w  (12) 


where  JU  is  the  permeability  of  the  dielectric,  s  the  plate  separation, 
1  the  plate  length  and  w  the  plate  width.  Using  equations  (11)  and 
(12),  we  can  rewrite  the  expressions  for  the  pulse  length  and  average 
power. 

T-TTCm*)1/2  (13) 

Pave  *  <V2  w/2TM)  (fi/„lA>1/2  (14) 

Equation  (14)  shows  the  desired  result  for  discharge  pulse  lengths. 
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For  a  given  dielectric,  and  will  be  constant  and  the  length  of  the 
plates  will  determine  the  pulse  length.  Likewise  for  a  set  of  plates 
of  a  given  length,  the  pulse  length  can  be  changed  by  using  dielectrics 
with  varying  permittivities  (i.e.  dielectric  constant).  Equation  (15) 
is  slightly  more  complex  and  requires  an  additional  modification  before 
certain  characteristics  can  be  highlighted.  It  has  been  shown  pre¬ 
viously  that  the  energy  density  of  a  capacitor  is  directly  proportional 
to  both  the  dielectric  strength  and  the  permittivity.  The  dielectric 
stress  is  equal  to  V/s  and  this  factor  appears  in  (15)  as  well  as  the 
square  root  of  the  permittivity.  Rewriting  equation  (15)  we  introduce 
the  dielectric  working  stress  level  S  which  is  equal  to  V/s.  The 
dielectric  strength  is  just  Smgv  which  is  the  maximum  stress  that  be 
applied  to  a  dielectric  above  which  dielectric  breakdown  will  occur. 

Pave  *  (VSW/2TT)  (€/,M>1/2  (15) 

From  electromagnetic  field  theory  we  can  obtain  identities  for  the 

various  forms  that  the  combinations  of  the  permittivity  and  permea¬ 
bility  have  taken.  The  term  (€  /ju)^2  is  the  Inverse  of  the  speed 
of  light  in  the  dielectric  and  equals  (K)1/2C  where  K  is  the  dielec¬ 
tric  constant  of  the  medium,  whereas  (C/L)^2  is  the  reciprocal  of  the 
Impedance  of  the  dielectric.  The  ratio  of  the  voltage  V  to  the 
impedance  Z  is  by  Ohm's  Law  the  short-circuit  current  I.  Rearranging 
equation  (14)  and  (15) 

T  -  et>/c)  (k)l/2jt  (16) 

Pave  -  ISw/2  (17) 

*The  impedance  of  a  capacitor  is  equal  to  (L/C) l/2. 
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The  last  expression  shows  that  for  a  simple  strip  line  geometry  the 
average  power  output  of  the  device  can  be  raised  by  increasing  the 
short-circuit  current,  the  width  of  the  linos  or  by  maximizing  the 
dielectric  stress.  It  should  be  realized  that  all  these  parameters  are 
not  Independent  of  each  other.  For  a  given  dielectric  and  strip  line 
geometry  and  hence  impedance,  the  maximum  current  occurs  when  the 
dielectric  is  stressed  to  its  maximum  value  without  failing  (i.e., 
Io  — ►  Imax  when  S-^S^ax).  If  one  stresses  a  dielectric  to  such  high 
levels  in  order  to  maximize  the  current  it  severely  limits  the  lifetime 
of  the  dielectric  under  repetitively  pulsed  conditions.  It  has  been 
found  empirically  that  most  high  energy  density  capacitors  follow  the 
well  known  "fifth  power  law. “(15)  This  empirical  derived  law  shows 
that  the  lifetime  (T^)  of  these  types  of  capacitors  are  inversely 
proportional  to  the  fifth  power  of  the  dielectric  stress. 

TL«t  S-5  (18) 

As  an  example  of  the  effect  that  these  relationships  have  on 
the  lifetime  of  a  capacitor,  assume  that  two  identical  capacitors  are 
charged  up.  The  first  capacitor  is  charged  to  the  maximum  voltage 
corresponding  to  Smay.  Following  equation  (19),  its  lifetime  will  be 
Inversely  proportional  to  the  fifth  power  of  Smqy .  If  the  second 
capacitor  is  charged  up  to  only  one-half  the  voltage  of  the  first,  its 
lifetime  will  be  inversely  proportional  to  the  fifth  power  of  1/2 
Sm«t.  A  simple  calculation  shows  that  the  second  capacitor  will  have 
a  lifetime  of  32  (i.e.,  2  raised  to  the  fifth  power)  times  that  of  the 
first. 
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Some  of  the  more  promising  dielectrics  developed  for  use  in 
high  energy  density  capacitors  such  as  the  polyester  films  have  shown 
an  even  poorer  dependency  of  dielectric  lifetimes  to  dielectric  stress 
levels  when  stressed  to  high  levels  of  electric  fields. (16)  For  the 
mylar  polyester  films 

Tl«c  S'?  (19) 

This  means  that  for  a  given  stress  level  polyester  dielectrics  have 
much  shorter  lifetimes  than  those  types  whose  lifetimes  follow  equation 
(19). 

Present  high  energy  density  capacitors  are  limited  to  energy 
densities  of  about  50  joules/ lb  with  dielectric  strengths  not  exceeding 
150  kv/mm.(19)  Commercially  available,  low  inductance  units  usually 
have  lifetimes  of  not  much  more  than  100,000  shots. (I7)  At  a  repeti¬ 
tion  rate  of  100  Hertz  the  useful  lifetime  would  be  used  up  in  less 
than  2  minutes,  necessitating  complete  replacement  of  the  burned 
out  capacitor. 

This  problem  of  limited  lifetime  in  high  density,  low 
inductance  capacitors  has  been  a  stumbling  block  in  the  development  of 
reliable  and  compact  short  pulse  length,  high  power,  high  repetition 
race  electrical  driving  networks  for  UV  laser  excitation. 

Liquid  Dielectrics 

One  possible  solution  to  the  limited  lifetimes  in  highly 
stressed  solid  dielectrics  is  found  in  the  use  of  self-healing  liquid 
dielectrics  such  as  water,  glycerine  and  transformer  oils.  All  three 
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Energy  storage  elements  are  not  only  sources  of  energy  in  a 
discharge  circuit  but  also  serve  to  help  shape  the  output  pulse.  The 
storage  element  itself  does  not  solely  shape  the  output  pulse  but  does 
so  in  conjunction  with  the  load  it  sees  on  its  output  terminals. 
Carte itors  are  essentially  made  up  of  series  and  .parallel  combinations 
of  either  strip  (i.e.,  parallel  plate)  or  coaxial  electrodes.  There 
are  three  distinct  types  of  pulse  shapes  that  can  be  realized  from 
such  a  network  depending  on  the  conditions  that  exist  at  the  output  of 
the  storage  element.  Figure  3.2  shows  the  three  voltage  or  current 
pulse  shapes  with  the  corresponding  relationship  between  the  R,  L,  and 
C  components  of  the  circuit  that  must  be  met  in  order  to  achieve  the&c. 
pulse  shapes. 

Figure  3.2A  shows  the  pulse  shapes  obtained  when  the  elec¬ 
trical  energy  storage  element  acts  as  a  conventional  capacitive  dis¬ 
charge  system  (lumped  parameter  networks).  Figure  3.2B  indicates 
the  pulse  shapes  obtained  using  transmission  lines  for  storage  elements 
(distributed  parameter  networks).  The  difference  between  these  two 
pulse  shapes  lies  in  the  risetime  of  the  discharge  into  the  load  as 
compared  to  the  pulse  length.  A  capacitive  discharge  has  a  risetime 
into  the  load  of: (19) 

Tr  -  2.2LT/R  (20) 

where  Tr  is  the  risetime  (10  to  90Z)  into  the  load.  Lx  the  total 


A.  LUMPED  PARAMETER  NETWORK 
(most  capacitive  discharge  systems) 


iped  and  distributed  parameter 


discharge  loop  inductance  and  R  is  the  load  resistance.  A  transmission 
line  has  a  risetime  equal  to  09). 

Tr  -  Lq/Ztl  (2D 

with  L0  being  the  output  inductance  and  ZQ  the  transmission  line 
Impedance.  Comparing  these  two  expressions,  it  should  be  noted  that 
the  risetime  of  a  transmission  line  is  proportional  to  the  output 
inductance  and  not  the  total  inductance  of  the  discharge  loop  as  in  the 
capacitive  system.  The  difference  in  these  two  expressions  can  be 
traced  back  to  the  pulse  lengths  obtained  with  these  two  types  of 
networks.  If  the  risetime  of  the  network  into  the  load  is  much  less 
than  half  the  one  way  transit  time  of  the  network,  then  the  trans¬ 
mission  line  pulse  shape  will  be  observed  (Figure  3.2B).  On  the  other 
hand,  if  the  risetime  is  much  greater  than  the  one  way  transit  time  of 
the  network,  then  the  lumped  parameter  pulse  shape  will  be  observed 
(Figure  3.2A).  The  one  way  transit  time  of  a  transmission  line  is  the 
time  it  takes  for  a  light  pulse  to  travel  from  one  end  of  the  trans¬ 
mission  line  to  the  other  through  the  dielectric.  This  pulse  length 
versus  risetime  criterion  distinguishes  whether  an  energy  storage 
element  will  act  as  a  transmission  line  or  a  capacitor  when  discharged 
into  some  load.  For  a  given  output  inductance  the  pulse  shape  of  a 
transmission  line  approaches  that  of  a  capa. _ ve  system  as  its  imped¬ 

ance  is  reduced.  Theoretically,  a  transmission  line  discharged  into  an 
impedance-matched  and  completely  resistive  load  should  yield  a  per¬ 
fectly  rectangular  pulse  with  no  risetime  associated  with  it.  The 
inherent  Inductance  in  the  bus  work  connecting  the  transmission  line 
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Co  Che  load  and  In  Che  load  icself  modifies  Chis  ideal  wave  shape  inCo 
one  wich  a  f inice  risecime. 

FasC  risecime,  recCangular  shaped  pulses  are  highly  desirable 
for  driving  many  lasing  gas  mediums.  If  Che  driving  or  exciCaCion 
pulse  has  a  long  risecime  Chere  is  a  significanC  amounc  of  energy 
delivered  Co  Che  load  before  lasing  Chreshold  is  reached.  This  also 
holds  true  for  Che  Call  end  of  Che  pulse.  Therefore,  a  recCangular 
wave  shape  would  be  ideal  for  maximizing  Che  energy  Cransfer  becween 
source  and  load  during  Che  lasing  process.  A  fasC  risecime  pulse  is 
also  desirable  for  sysCems  Chat  exhibic  bocclenecklng  and  self- 
CerminaCing  characCerisCics.  A  pulse  wich  Coo  slow  a  risecime  can 
prevenc  lasing  from  occur ing  alcogecher  in  chese  cypes  of  sysCem,  so 
chac  ic  is  imperacive  Co  use  a  fasC  risecime  pulse  for  cheir  exciCa¬ 
Cion.  The  flaC  top  characteristic  of  transmission  lines  also  simpli¬ 
fies  Che  condicions  under  which  Che  lasing  process  cakes  place.  This 
simplifies  Che  study  of  not  only  kinetics  but  gain  parameters  as  well 
because  of  the  constant  driving  force  chat  exists  during  much  of  the 
time  that  lasing  does  occur. 

A  transmission  line  discharged  into  a  matched  resistive  load 
delivers  a  voltage  pulse  of  magnitude  equal  to  one-half  Che  charging 
voltage  Vo.  The  current  pulse  is  given  by 

I  »  Vjl/(R  +  2tl)  "  vTL/23tL  (22) 

V0  -  <VTLR)/(R  +  ZTL)  (23) 

The  power  delivered  to  the  load  is  by  circuit  theory. 


In  general 


(24) 


Po  “  V0I0 

Substituting  (23)  and  (24)  in  (25) 

Po  “  VTL2/4ZTL  (25) 

and  using  the  expression  E  »  1/2  CVo?  from  equation  (6)  for  the 
energy  stored  in  the  transmission  line,  the  pulse  length  can  be  solved 
for  using  the  fact  that  Pout  -  E/T,  (26) 

where  T  is  the  pulse  length. 

Thus  ■  (CtlVtl.2/2)/ (V^Mz-jl)  *  2CilZxl  (27) 

Using  the  fact  that  Zjl  -  (L/C) 1/2  (see  footnote  on  page  18) 

tTL  “  2  CxlCI^Ti/Ctl)1^  “  2(LxlCxl)1/2  (28) 

Note  that  this  is  always  less  than  the  time  period  of  a  critically 
damped  capacitive  discharge  Tc  ■  'T>  (LC)l/2.  This  is  a  natural 
result  of  the  fact  that  a  transmission  line  discharge  only  degrades 
into  a  capacitive  shaped  discharge  pulse  when  the  output  inductance 
increases  beyond  a  certain  point.  This  Increase  in  the  output  in¬ 
ductance  not  only  changes  the  shape  of  the  pulse  but  also  Increases  the 
time  period  in  which  energy  flows  to  the  load.  Therefore,  one  of  the 
primary  design  criterion  in  the  selection  of  the  liquid  dielectric  and 
electrode  structure  was  that  the  resulting  electrical  energy  storage 
element  act  as  a  transmission  line  in  the  electrical  discharge  circuit. 
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4.  CHARGING  CIRCUITRY 


Introduction 

After  the  decision  was  made  to  design  and  construct  a  liquid 
dielectric  energy  storage  element  that  would  act  as  a  transmission  line 
when  discharged  into  an  appropriate  load,  it  was  also  necessary  to 
design  a  charging  circuit  that  would  transfer  energy  from  the  labora¬ 
tory  power  supply  to  the  energy  storage  elements  of  the  high  speed 
circuit  itself.  The  three  types  of  charging  networks  that  will  be 
discussed  in  the  next  section  include  resistive,  inductive  and 
inductive-diode  charging  circuits. 

In  any  fast  discharge  circuit  there  always  exists  an  element 
for  isolating  the  power  supply  from  the  energy  storage  element  during 
the  fast  discharge  phase  of  operation.  The  necessity  of  this  element 
evolves  out  of  the  fact  that  most  laboratory  power  supplies  cannot 
furnish  on  a  continuous  basis  the  extremely  high  levels  of  power  needed 
to  pump  many  types  of  UV  lasers.  Therefore,  these  types  of  devices  are 
usually  operated  in  the  pulsed  mode  for  this  and  other  reasons  (i.e. 
self-termination).  Figure  (3.1)  previously  showed  the  conventional 
arrangement  of  components  in  such  a  circuit.*  In  this  instance,  a 
capacitor  is  charged  up  until  the  output  switch  closes  and  connects  the 
capacitor  directly  across  the  load.  The  output  switch  can  operate  in 
either  a  triggered  or  self-breakdown  mode.  When  switch  closure  does 

^Notice  that  in  all  the  circuits  used,  at  least  one  side  of  the  high- 
voltage  network  is  always  grounded.  This  reduces  the  number  of  points 
In  the  circuit  that  are  at  high  voltage  and  is  a  typical  safety 
precaution  in  high-voltage  systems. 
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occur,  the  capacitor  delivers  its  energy  to  the  load  very  quickly  in 
any  properly  designed  circuit.  After  delivery,  the  capacitor  voltage 
returns  to  zero  so  that  point  A  without  the  isolating  element  would 
present  a  short-circuit  to  the  power  supply  causing  either  serious 
damage  to  the  supply  by  overloading  or  decoupling  by  protective  fuse  or 
relay  openings.  At  a  given  voltage  the  isolating  element  must  always 
present  an  effective  impedance  to  the  supply  such  that  the  maximum 
current  drawn  does  not  exceed  the  supply  capabilities. 

Resistive  Charging 

Resistive  charging  is  probably  the  most  widely  used  charging 
technique  because  of  its  simplicity,  low  cost  and  availability  of 
components.  Figure  4.1a  show  the  conventional  arrangements  of  com¬ 
ponents  in  the  charging  circuit  while  Figure  4.1b  shows  the  operational 
waveforms.  Initially,  the  capacitor  is  fully  discharged  and  the  switch 
is  open.  The  subsequent  capacitor  voltage  and  current  will  then  be(8) 

v(t)  •  V[1  -  «“(t/RC)]  (29) 

i(t)  -  <V/R)[e-(t/RC)]  (30) 

The  energy  delivered  by  the  power  supply  (Es)  during  a  time  period  T 
is  just 

T 

Eg  -  v{  i(t)dt  (31) 

0 

Substituting  (30)  in  (31)  and  Integrating 

Ea  -  CV2[1  -  e-(T/Rc) ]  (32) 
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The  energy  stored  in  the  capacitor  (Ec)  at  this  time  T  is 

Ec  -  1/2  Cv(T)2  (33) 

Substituting  (29)  in  (33),  the  energy  stored  in  the  capacitor  at  time  T 
becomes 


Ec  -  1/2  CV2[1  -  e-(T/RC)]  (34) 

The  energy  transfer  efficiency  between  source  and  capacitor 
is  just  the  ratio  of  the  energy  stored  in  the  capacitor  to  that  deliv¬ 
ered  by  the  source  in  the  same  time  period,  or 

-  1/2  [i-e-(T/RC)]2  (35) 

Clearly  the  maximum  efficiency  for  resistive  charging  is  only  50Z  and 

this  occurs  only  when  T — *>  •<*  or  RC  - 0.  These  two  conditions 

are  never  met  in  any  practical  situation  and  especially  those  cases 
pertaining  to  high  repetition  rate  operation.  Because  high  repetition 
rates  are  a  desired  goal,  equation  (35)  must  be  evaluated  in  order  to 
determine  the  practical  working  efficiencies  attainable  under  high 
repetlion  rate  conditions.  Since  it  is  also  desired  to  maximize  the 
power  transfer  from  the  source  to  the  load,  expression  (34)  should  be 
manipulated  in  such  a  fashion  as  to  yield  the  condition  under  which 
maximum  power  transfer  occurs.  This  yields  the  following  equation: 

Ec  -  1/2  cv2[i-e-(T/RC)]2  (36) 

For  a  given  supply  voltage  V  and  repetition  rate,  T  and  R  will  remain 
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Fig  4.1a.  Reslstively  charged  circuit 


T  2T  3T  Time  T  2T  3T  Time 


Fig  4.1b.  Capacitor  voltage  and  current  waveforms  in  a  reslstively 
“  ”*  charged  circuit 
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Therefore,  with  high  repetition  rates  and  resistive  charging  almost 
two-thirds  of  the  source  power  is  unavailable  at  the  load.  This 
clearly  demonstrates  the  need  for  alternate  and  more  efficient  methods 
for  charging  Che  energy  storage  element  in  high  pulse  rate  circuits. 
In  fact,  the  most  efficient  types  of  charging  networks  are  those  which 
utilize  resonance  techniques .( 20)  Rather  than  using  a  resistive 
isolating  element,  they  employ  an  inductive  element.  This  technique 
minimizes  the  resistances  of  the  charging  circuit  with  the  result  that 
high  transfer  efficiencies  are  possible  between  source  and  storage 
element  than  can  be  achieved  with  resistive  charging  schemes. 

Resonant  Inductive  Charging 

Figure  4.2a  illustrates  the  inductive  charging  circuit  and 
Figure  4.2b,  the  waveforms  of  a  circuit  utilizing  an  inductive  charging 
element.  In  order  to  maximize  transfer  efficiencies,  the  resistive 
component  of  such  a  circuit  should  be  as  small  as  possible  (i.e.  the 
circuit  should  operate  in  an  underdamped  or  oscillatory  mode).*  The 
condition  for  this  is  defined  by 

R  «  2^  (L/C)l/2  (41) 

Also  to  prevent  significant  voltage  droop  during  charging,  the  source 
capacitance  should  be  at  least  10  times  larger  than  that  of  the  storage 
element.  The  series  resistance  in  the  charging  circuit  (see  Figure 
4.4) 


*Note  that  this  criterion  is  different  for  a  system  charging  a  capaci¬ 
tive  load  than  one  charging  a  resistive  load  in  which  a  critically 
damped  oecillation  is  the  optimum  one. 


fixed.  R  has  Co  remain  fixed  because  for  a  given  supply  voltage  Che 
maximum  currenc  drawn  has  Co  be  wichin  Che  supply  range.  Therefore, 
Che  only  remaining  variable  is  Che  capaciCance  C.  To  find  che  maximum 
of  Che  power  chac  could  poCenclally  be  cransferred  Co  Che  load  P^,  lc 
is  simply  a  maccer  of  differenCiaCing  (34)  wiCh  respect  Co  C,  seCCing 
the  resulting  equation  to  zero  and  Chen  solving  for  Che  relationship 
between  the  independent  (C)  and  dependent  (R,T)  variables.  Letting 
(^L^max  e<lual  the  maximum  power  that  could  be  transferred  to  the 
load  and  using  this  procedure  yields  the  following  equation*. 

C  -  (R/2T)[e<T/RC)-1]  -1  (37) 

Inspection  of  this  equation  will  show  that  it  is  transcendental  in 
nature  and  an  exact  solution  does  not  exist.  Nevertheless,  an  approxi¬ 
mate  solution  can  be  found*. 


C  -  .73T/R  (38) 

Substitution  of  (37)  in  (33)  and  (34)  yield  an  expression  for  the 
maximum  transfer  efficiencies  attainable  using  a  resistive  charging 
network  under  high  repetition  rate  conditions. 

(P0)max  "  TV2/5R  (39) 

/f\  -  37X  (40) 


♦Appendix  1 
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is  usually  just  the  inherent  or  series  resistance  in  the  coil  windings 
of  the  inductor.  In  commercially  available  inductors,  this  resistance 
is  of  low  enough  magnitude  that  transfer  efficiencies  greater  than  90% 
are  common.  If  the  triggering  sequence  of  the  output  switch  is  such 
that  it  keeps  in  step  with  the  resonant  transfer  of  energy  from  the 
source  to  storage  element,  the  following  condition  holds  true. 

Tr  -THLcCs)!^  (42) 

Where  L  is  the  charging  inductance,  C  the  storage  element  capacitance 
and  Tr  is  the  resonant  charging  time. 

It  is  useful  to  develop  several  design  equations  by  which  the 
average  current  capability  of  the  power  supply  (Iave)  can  be  related 
to  the  usable  values  of  the  charging  inductance,  energy  storage  capaci¬ 
tance  and  desired  repetition  rate.  Consider  first  the  average  current 
drawn  from  the  source. 


lave  “  Q/T  (43) 

where  Q  is  the  total  charge  transferred  during  the  charging  period  T. 

Q  -  CVc  (44) 

with  Vc  being  the  capacitor  voltage  and  C  the  storage  element 
capacitance . 

During  resonant  charging  a  voltage  doubling  occurs. (18) 
This  is  an  important  attribute  of  resonant  charging  in  that  for  a 
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given  output  voltage  only  half  as  much  supply  voltage  is  required. 
Therefore 


Q  -  2CVs  (45) 

where  V8  is  the  supply  voltage.  Therefore 

xave  m  2CVs/T  *  (46) 

Solving  for  the  capacitance,  we  arrive  at  one  design  equation  that  is 

C  “  *ave^/2V8  (47) 

Eliminating  C  in  (47)  by  using  equation  (42)  and  solving  for  the 
inductance,  we  find 


L  -  2TV8/'1>2  Iave  (48) 

The  energy  stored  in  the  pulse  forming  network  after  charging  is 

E  -  2CV82  (49) 

It  should  be  noticed  that  in  Figure  4.5  the  pulse  forming  network 
(PFN)  or  energy  storage  element  is  discharged  at  the  time  of  peak 
voltage.  If  the  system  was  not  discharged  at  this  time,  the  flow  of 

energy  would  reverse  itself  and  flow  backwards  from  the  PFN  to  the 

source.  Therefore,  the  PFN  should  be  discharged  at  or  near  the  peak 
system  voltage  in  order  to  optimize  energy  transfer  from  source  to  PFN. 
This  mode  of  operation  with  a  given  charging  inductor  and  PFN  capaci¬ 
tance  will  necessarily  limit  the  repetition  rate  to  a  single  frequency 
determined  by  the  resonant  frequency  of  the  charging  circuit. 
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A  wider  range  of  operational  frequencies  can  be  obtained  by 
triggering  the  discharge  on  the  rising  portion  of  the  PFN  voltage 
voltage.  This  is  the  so  called  “linear"  charging  range  ir,  that  the 
wave  front  is  approximately  linearly  increasing  with  time. (26)  The 
cost  of  operating  in  the  linear  charging  range  as  opposed  to  resonant 
charging  is  illustrated  in  Figure  4.7.  It  should  be  evident  that  for  a 
given  amount  of  switch  jitter  the  possible  variations  in  output  voltage 
are  much  larger  in  linear  charging  because  of  the  difference  in  the 
slope  of  the  wavefront  at  the  time  of  discharge.  It  also  should  be 
added  that  the  transfer  efficiency  will  be  lower  in  the  linear  case 
thus  detracting  from  its  advantage  of  having  a  wider  range  of  repeti¬ 
tion  rates  than  resonant  charging.  One  simple,  inexpensive  modifica¬ 
tion  that  can  significantly  widen  the  operational  frequencies  of  a 
resonant  charging  circuit  is  the  addition  of  a  high  voltage  chain  of 
diodes  in  series  with  the  charging  inductor  as  shown  in  Figure  4.6. 
The  high-voltage  chain  of  diodes  prevents  the  PFN  from  discharging  back 
into  the  source  during  the  course  of  a  normal  resonant  charging  cycle. 
Figure  4.8  illustrates  the  waveforms  attained  with  this  type  of 
resonant  charging  circuit.  T  is  the  time  period  between  discharge 
pulses  while  Tg  is  just  the  resonant  charging  time.  It  can  be  seen 
from  the  above  figures  that  T,  the  time  between  discharges  can  be 
extended  out  to  infinity  if  desired  limited  only  by  the  leakage  in  the 
diode  chain  and  dielectric.  Since  the  pulse  recurrence  frequency  or 
repetition  rate  is  inversely  proportional  to  this  time  (PRF  T-1)  the 
repetition  rate  can  span  a  range  from  zero  pps  (pulses  per  second)  all 
the  way  up  to  twice  the  resonant  charging  frequency  (l.e.  f  ■  2fo) 
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and  beyond  if  linear  charging  is  acceptable.  This  technique  of 
inductor-diode  charging  is  probably  the  most  commonly  used  because  of 
the  wide  range  of  repetition  rates  available  as  well  as  the  high 
transfer  efficiencies  attainable. 

The  actual  transfer  efficiency  is  given  by  the  expresslon(21) 

/T[  -  1  -TP/4Q  (50) 

where  Q  is  the  quality  factor  of  the  charging  circuit.  The  quality 
factor  is  given  by 

Q  -  Ul  L/R  (51) 

where  to  is  the  angular  oscillation  frequency,  and  R  is  the  total  series 
resistance  in  the  charging  circuit. 

Quality  factors  from  ten  to  twenty  are  common  in  such  cir¬ 
cuits  with  efficiencies  from  92Z  to  95Z  being  readily  achieved. 

In  summary,  of  all  the  charging  schemes,  resonant  inductor 
charging  with  a  series  diode  represents  one  of  the  most  efficient 
charging  techniques  which  also  encompasses  a  fairly  wide  range  of 
operational  frequencies. (21)  Another  Important  characteristic  of 

resonant  charging  is  in  its  ability  to  double  the  input  voltage.  This 
relaxes  the  requirements  of  the  power  supply  for  a  given  output 
voltage.  Resistive  charging  which  has  been  shown  to  be  highly  in¬ 
efficient  under  high  repetition  rate  conditions  should  only  be  used  in 
low  power  circuit  and  applications  in  which  inefficiencies  are  unim¬ 
portant  . 
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5.  HIGH  POWER  PULSER  DESIGN 


Transmission  Line  Geometry  and  Power  Transfer 

The  design  of  Che  present  high  power  pulser  electrical 
discharge  circuit  is  based  on  the  use  of  liquid  filled  transmission 
lines  (LTL).  Glycerine  was  selected  for  use  because  of  its  dielectric 
constant  (  fc.  ■  44),  dielectric  strength  (>  20  kv/mm)  and  its  electrical 
stability  under  no  flow  conditions.  In  any  fast  discharge  circuit 
there  are  several  design  parameters  that  must  be  considered  before  the 
circuit  is  constructed.  These  are  output  energy,  pulse  shape  and 
length,  and  load  impedance.  The  first  and  the  third  parameters  deter¬ 
mine  the  maximum  power  input  to  the  load  when  the  source  and  load 
impedance  are  matched.  In  order  to  optimize  conversion  efficiencies, 
as  well  as  reduce  the  variation  in  the  driving  force  during  the  course 
of  the  discharge,  it  was  decided  to  generate  rectangular  shaped  pulses 
by  the  use  of  transmission  lines.  The  pulse  length  was  selected  to  be 
approximately  50  nsec  because  it  represents  a  fairly  optimal  pulse 
length  for  many  self-terminating  UV  lasers  as  well  as  keeping  the 
length  of  the  apparatus  down  to  a  reasonable  size.  The  actual  length 
will  depend  upon  the  speed  of  light  in  the  dielectric  medium  used  in 
the  transmission  lines.  The  speed  of  light  in  glycerine  is  given  by 
the  expression 

ck  -  cv/K^2  (52) 

Where  cfc  is  the  speed  of  light  in  a  medium  of  dielectric  constant  K. 
and  Cy  is  the  speed  of  light  in  a  vacuum.  Solving  for  ck 
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ck  -  (3  x  1010  cm/sec)/(44)l/2  -  4.52  x  109cm/sec 

Since  the  pulse  length  is  the  two-way  transit  time  in  the  medium  of 
interest^9) 


cpk  “  2.26xl09  cm/sec 

where  Cpk  is  the  pulse  velocity  in  a  medium  of  dielectric  constant  k. 
Solving  for  the  desired  transmission  line  length  using  50  nsec  as  the 
desired  pulse  length. 

Lf  ■  (cpk)(50  nsec)  -  113  cm  -  1.13  m 

The  actual  length  of  the  constructed  transmission  lines  is  122  cm., 
which  gives  an  output  pulse  length  (Tp)  of 

Tp  m  (1.22  x  lO^  cm)/(2 .26  x  109  cm/sec)  -  54  nsec 

It  should  be  apparent  that  for  pulse  lengths  approaching,  say  a  usee 
the  device  length  would  be  over  74  feet.  A  device  this  size  would 
have  serious  construction  problems  associated  with  it,  especially  those 
concerned  with  keeping  a  constant  impedance  over  its  entire  length.  It 
would  be  far  simpler  to  utilize  lumped  parameter  networks  for  pulse 
lengths  this  long. 

The  next  parameter  to  be  established  is  the  output  pulse 
energy.  A  value  of  1  joule  was  initially  chosen  as  a  design  point  for 
several  reasons.  First,  this  represents  enough  energy  to  successfully 
drive  many  types  of  UV  lasers. (22)  Second,  1-joule  per  discharge 
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would  minimize  the  electrode  loading  hopefully  extending  their  useful 
lifetimes  at  high  repetition  rates.  With  this  in  mind,  recall  that  the 
energy  stored  in  a  transmission  line  is  by  (6)  equal  to 

Etl  -  1/2  CV2 

The  capacitance  Ojl  of  the  transmission  liqe  is  given  by  (11) 

Ctl  “  C  wL/s  -44  €t  0wLo/s 

The  device  length  has  already  been  determined  by  the  output  pulse 
length  and  is  equal  to  122  cm.  Therefore 

C  -  (5368  €  0)w/s 

For  practical  purposes  of  material  selection,  an  electrode  width  of 
1/ 2-inch  was  used. 


C  -  (6817  C  0) / s  (53) 

The  only  remaining  parameter  is  the  separation  distances.  The  last 
parameter's  value  can  be  determined  from  consideration  of  the  load 
Impedance.  In  order  to  maximize  power  transfer,  the  source  Impedance 
should  be  matched  to  the  load  impedance.  It  was  determined  from 
available  data  that  a  load  Impedance  of  1  ohm  was  a  realistic  value  for 
many  types  of  discharges. (9)  The  impedance  of  a  transmission  line 
(Ztl)  is  given  by  the  expression^2!) 
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Zxl  -  377s/vl/2w  (54) 

Using  a  value  of  1  ohm  for  Che  load  and  transmission  line  impedances, 
Che  separation  distance  can  be  solved  for  because  all  the  remaining 
variables,  including  the  dielectric  constant  K  and  line  width  w  are 
given.  Therefore 

s  -  ZxLkl/2w/377 

s  -  (1X0(44)1/2(1.27  cm)/ (377XX ) 
s  -  .02cm 

Substituting  this  value  in  (53)  and  solving  for  the  capacitance  C. 

C  -  6817  «0/ .02cm 

C  -  (6817)(8.85  uf/cm)/( .02  cm)(108)  -  .03  uf 
or  C  -  30  nf 

Solving  now  for  che  voltage  required  to  produce  a  1  joule  output  pulse. 

E  -  1/2  CV2 

or  V  -  (2E/C)1/2  (55) 

V  -  (2j/30nf )l/2  -  8165  volts 

A  quick  check  of  the  dielectric  stress  at  these  voltage  levels  for  the 
prescribed  separation  distances  will  show  that  it  exceeds  the  dielec¬ 
tric  breakdown  strength  of  glycerine.  Therefore,  it  was  necessary  to 
Increase  the  total  capacitance  of  the  transmission  line  by  paralleling 
the  three  transmission  lines  in  che  present  apparatus  and  operate  into 
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a  slightly  mismatched  mode  in  order  to  obtain  1  joule  in  the  primary 
output  pulse*.  From  a  power  delivering  standpoint,  a  certain  amount  of 
mismatch  can  be  tolerated  without  delivering  a  significant  part  of  the 
stored  energy  after  the  main  output  pulse.  Recall  that  the  power 
output  PQ  is 


Po  *  Wo 


(56) 


where 


and 


VTL 


ZTL+  R 


V  -  vTLrL 
J  +  Fj, 


Operating  into  a  matched  load,  these  expressions  reduce  to 


I0  “  vo/2ZTL  and  vo  “  W2 


Therefore  the  maximum  power  output  will  be 


(P  )  -  (  VTL  V  Vtl\  .  VTL2 

o/aax  ^2Zxl/\2Ztl/  4zXL 


(57) 


The  power  output  into  a  mismatched  load  will  be 


(  VTL  \(  zTLrL  \ .  vTL2rL 
VZTL  +  rL  /\zTL  +  rL  /  ZTL  +  rL 


(58) 


f 


*lncreaslng  the  capacitance  allowed  the  separation  distanced  to  be 
increase  thereby  Increasing  the  effective  breakdown  strength  while 
still  keeping  the  Impedance  constant. 
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Taking  Che  ratios  of  these  two  power  outputs 

Po/P  -  vTL2r  vTL2  _  4zTLrL  (59) 

°nax  (^ZTL  +  R)2  ^TL  ^TL  +  KL  2 

Let  the  load  Impedance  be  given  as  a  fraction  x  of  the  trans¬ 
mission  line  Impedance 

i.e.  x  -  rl/ztl  or  rL  “  *  ZTL 

Substituting  this  expression  in  (59)  and  reducing 

Po/Po_.x  -  4ZTL(xZTli)  -  _ 4xZTL2  (60> 

ZTL  +  (xZTL)^  (1  +  x)2xl^ 

P°/P°max  “  4  «  with  x  -  RL/ZTL  (61) 

As  an  example,  assume  that  it  is  desired  to  deliver  at  least  75  percent 
of  the  total  available  energy  in  the  main  pulse.  Enter  this  value 
for  P0/P0max  and  solve  for  x: 

x  -  .33  or  x  ■  2.80 

If  the  load  impedance  is  1  ohm,  Chen  a  transmission  line  impedance  of 
either  3.3  or  .36  ohms  could  be  used  with  only  a  25  percent  loss  of 
energy  during  the  main  pulse.  It  is  always  advisable  to  operate  in  a 
high  to  low  Impedance  mode  because  more  energy  can  be  stored  in  the 
higher  impedance  line  (almost  two  magnitudes  more).  This  is  a  result 
of  the  fact  that  as  the  impedance  increases  for  a  given  TL  geometry, 
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the  plate  separation  and  the  hold-off  voltage  also  increases  in  the 
same  ratio.  On  the  other  hand,  the  energy  storage  increases  in  quadra¬ 
ture  with  the  hold-off  voltage.  Therefore,  a  doubling  of  the  impedance 
and  hold-off  voltage  will  lead  to  a  four-fold  increase  in  the  energy 
storage  capability  of  the  TL.  Another  advantage  of  using  the  higher 
impedance  line  is  that  since  the  pulse  risetime  is  inversely  propor¬ 
tional  to  the  line  Impedance,  a  3.3  ohm  line  can  not  only  deliver  more 
energy  in  the  first  pulse,  but  Its  risetime  will  be  30  percent  of  what 
could  be  achieved  under  a  matched  load  situation.  The  only  trade-off 
is  a  reduction  In  primary  pulse  transfer  efficiency.  Figure  5.1  is  a 
graph  of  power  transfer  efficiencies  versus  load-line  ratio.  Figure 
5.2  shows  a  diagram  of  the  transmission  lines  constructed  on  the  basis 
of  the  previous  analysis.  Copper  straps  were  used  to  bus  the  three 
upper  electrodes  together  to  form  an  effective  electrode  width  of  one 
and  one-half  Inches. 


Pulse  Charging  Circuits 

Liquid  dielectrics  such  as  glycerine  and  water  while  possess¬ 
ing  characteristics  favorable  to  their  use  in  energy  storage  schemes  do 
suffer  from  the  effects  of  non-zero  electrical  conductivities.  Because 
of  the  finite  conductivities  associated  with  all  dielectrics,  there 


always  exists  a  certain  amount  of  internal  bleed-off  charge  occurring 


once  the  dielectric  has  been  energized.  The  speed  by  which  this 
bleed-off  occurs  is  usually  expressed  by  the  Internal  RC  decay  constant 
of  the  dielectric.  At  one  time  constant  only  40  percent  of  the 
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original  amount  of  energy  is  left.  The  shorter  the  decay  constant  the 
faster  bleed-off  is  occurring.  The  RC  decay  constant  is  equal  to  , 
the  product  of  the  resistivity  and  the  dielectric  permittivity. (  ^)* 
As  an  example  of  the  time  frames  involved,  consider  the  case  of  reason¬ 
ably  pure  water  having  a  typical  resistivity  of  1  Mil  -cm  and  a  per¬ 
mittivity  of  80  .  The  RC  decay  time  in  this  instance  will  then  be 
about  7.8  usees.  It  should  be  clear  that  optimal  energy  use  requires 
fast  pulse  charging  of  the  liquid  filled  transmission  lines.  If  one 
desires  that  losses  during  charging  amount  to  no  more  than  10  percent, 
then  the  require!  charging  time  can  be  determined. 


V(t)  -  V0e-t/RC 

(62) 

E«C  V(t)2 

(63) 

Letting  RC  **  7.8  usees  and  Cv(t)^Va)  ^  $  then  the  RC  decay 

constant  can  be  determined  to  be  .41  usee.  Therefore,  the  charging 
time  should  be  no  more  than  1/2  usee  in  order  to  minimize  losses  during 
the  charging  cycle,  hence  the  need  for  fast  pulse  charging  circuits.  A 
typical  charging  circuit  utilizing  a  conventional  solid  dielectric 
capacitor  only  has  to  be  charged  a  little  faster  than  its  discharge 
repetition  rate.  At  a  repetitive  rate  of  1  khz  the  necessary  charging 
time  is  only  1  msec  and  is  about  2,000  times  slower  than  those  required 
in  liquid  dielectric  charging  circuits. 

The  above  case  has  been  used  to  show  the  need  for  a  fast 
pulse  charging  circuit  in  order  to  energize  the  liquid  dielectric 
storage  elements  in  the  proper  time  frame.  To  this  end  there  were  two 
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pulse  charging  circuits  built  and  tested  to  verify  that  they  could  meet 
the  above  criterion.  The  first  consisted  of  a  two-stage  Marx  Bank, 

shown  in  Figure  5.3.  A  Marx  Bank  consists  of  a  number  of  capacitors 

charged  in  parallel  and  discharged  in  series.  Because  of  this 
parallel-series  mode  of  operation,  a  Marx-Bank  realizes  an  output 
voltage  which  is  equal  to  the  charging  voltage  V^n  multiplied  by  the 
number  of  stages  N  discharged  in  series  (i.e.  Vout  »  NVin)»(*^  A  two- 
stage  Marx  Bank  will  then  be  a  voltage  doubling  circuit  with  an 
output  capacitance  equal  to  one-half  the  stage  capacitance.  The 
reduced  capacitance  on  the  output  stage  is  a  result  of  the  conservation 
of  energy  and  because  capacitors  discharged  in  series  must  acquire  the 
same  amount  of  charge. (?)  the  present  Marx  Bank  has  an  output 
capacitance  of  about  53  nf  with  a  maximum  output  voltage  of  34  kv. 
This  circuit  was  reslstively  charged  because  of  the  lack  of  an  appro¬ 
priate  power  supply  and  charging  inductor.  Later,  funding  allowed 

purchase  of  a  20  kv,  250  ma,  5  kw,  power  supply  along  with  a  5  hy 
charging  inductor.  This  allowed  the  use  of  a  resonant  charging  tech¬ 
nique  to  charge  a  single  low  inductance  capacitor  which  was  then 
switched  in  series  with  the  liquid  transmission  lines  by  a  jet  blown 
spark  gap.  (Figure  5. 3). (9)  As  discussed  earlier,  resonant  techni¬ 
ques  are  very  efficient  energy  users.  This  is  the  main  reason  for 

replacing  the  Marx  Bank  by  a  resonant  scheme  resulting  in  almost  a 
ten-fold  Increase  in  efficiency.  Most  of  this  Increase  is  related  to 
the  resonant  versus  resistive  charging  losses  under  high  repetition 
rate  conditions  (7  percent  for  the  resonant  scheme  and  64  percent  for 
the  resistive  one).  A  second  contributing  factor  is  the  ratio  of  the 


> 

source  capacitance  to  the  line  capacitance  for  any  charging  configura¬ 
tion.  If  the  source  capacitance  is  too  large  (ratio  >1)  there  will  be 

*  a  late  and  Inefficient  flow  of  energy  through  the  load  after  the 
passage  of  the  main  pulse.  If  this  capacitance  is  too  small  (ratio  < 

1)  there  will  be  a  significant  voltage  droop  occurring  during  charging 

I 

of  the  transmission  lines.  The  most  optimal  ratio  exists  when  source 
and  line  capacitances  are  approximately  equal  (i.e.  ratio  -  1).^3) 
In  the  case  of  the  Marx  Bank  it  was  the  voltage  droop  during  charging 

I 

that  was  minimized  by  the  use  of  a  large  capacitance  ratio  (53  nf 
versus  5  to  15  nf).  In  the  resonant  scheme  only  one  15  nf  capacitor 
was  used  allowing  capacitances  to  be  matched  and  thereby  minimizing 
late  and  undesirable  energy  delivery.  Even  undesirable  energy  de¬ 
livery.  Even  though  some  voltage  droop  does  occur  it  is  more  important 
I  to  make  the  best  use  of  the  available  power  than  to  achieve  the  highest 

output  voltage.  The  amount  of  voltage  droop  occurring  during  such  a 
charging  cycle  is: ^3) 

• 

&V/V  -  A  E/2E  (64) 


I 


I 


Therefore,  a  50  percent  energy  removal  from  the  capacitor  will  result 
in  a  transmission  line  voltage  of  75  percent  the  original  voltage  on 
the  charging  capacitor. 

Charging  Network 

The  equations  derived  in  the  section  on  pulse  charging 
circuits  will  be  used  here  to  size  various  circuit  components  given  the 
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Resonant  charging  circuit 


charging  circuit  type  and  certain  dependent  system  parameters.  The 
dependent  circuit  parameters  will  be  the  average  supply  current  and  the 
pulse  recurrence  frequency  (i.e.,  repetition  rate).  Since  it  has 
already  been  shown  that  inductor-diode  resonant  charging  circuits  are 
superior  to  ence  frequency  (i.e.,  repetition  rate).  Since  it  has 
already  been  shown  that  inductor-diode  resonant  charging  circuits  are 
superior  to  most  others  with  regards  to  transfer  efficiencies  and  range 
of  operating  frequencies,  it  is  only  logical  that  this  is  the  type  of 
circuit  utilized.  Figure  5.4  illustrates  the  configuration  of  the 
charging  circuit  including  the  values  of  some  of  the  components.  The 
power  supply  is  a  20  kv,  250  ma,  5  kw  unit  (Hippotronics  Model).  The 
discharge  capacitor  is  a  50  kv,  15  nf  low  inductance  discharge  capaci¬ 
tor  rated  at  360  pps  (pulses  per  second).  Since  this  capacitor  is  to 
be  operated  at  only  a  fraction  of  the  rated  voltage,  its  operating 
range  with  respect  to  repetition  rate  may  be  correspondingly  increased. 
The  rated  power  output  of  this  capacitor  is  6,750  watts  at  50  kv  and 
360  pps  with  a  certain  percentage  of  this  power  appearing  as  internal 
heat.  At  an  operating  voltage  of  say  10  kv,  the  repetition  may  be 
increased  to  (50/10)^/2(350  pps)  ■  9000  Hertz  without  increasing  the 
internal  losses  of  the  capacitor.  One  of  the  most  common  modes  of 
failure  in  this  type  of  capacitor  are  thermal  Instabilities  caused  by 
overheating  of  the  dielectric.  Therefore,  at  10  kv,  the  usable  repeti¬ 
tion  rate  of  this  capacitor  can  be  well  into  the  kilohertz  range 
without  reducing  its  useful  lifetime.  One  of  the  primary  design 
criterion  for  this  charging  circuit  was  that  the  operating  frequency 
should  extend  into  the  kilohertz  range.  With  this  in  mind,  recall  that 
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This  is  about  23  percent  of  Che  total  power  available.  A  high  voltage 
diode  chain  has  also  been  added  to  this  circuit  to  allow  operation 
below  the  resonant  frequency.  If  it  was  desired  to  use  all  of  the 
available  power,  a  much  larger  inductor  would  be  needed.  This  would 
necessarily  mean  a  reduction  in  the  repetition  rate  possible.  The  size 
of  this  Inductor  is  determined  by  the  maximum  voltage  and  average 
current  needed.  This  would  necessarily  mean  a  reduction  in  the  repe¬ 
tition  rate  possible.  The  size  of  this  inductor  is  determined  by  the 
maximum  voltage  and  average  current  capabilities  of  the  supply. 

ZTL  -  (20  kv)/(.25A)  -  80,000  ohm 

with  Zjl  ■  (L/C) with  C  »  15  nf 

Therefore  L  -  ZTL2C  -  (80,0001X)Z( 15  x  10_9nf)  -  96  hy 

The  repetition  rate  corresponding  to  this  size  inductor  would  be  only 
265  Hertz.  The  pulse  energy  available  from  the  charged  capacitor  can 
be  determined  from  the  voltage  doubling  that  occurs  along  with  a 
measurement  of  the  dissipation  factor  of  the  charging  inductor.  The 
dissipation  factor  (D.F.)  was  measured  on  an  impedance  bridge*  to  be  7 
percent  Referring  back  to  equation  (50),  the  quality  factor  Q  of  this 
circuit  can  be  determined  to  have  a  value  slightly  greater  than  11. 
Using  the  measured  value  of  the  dissipation  factor,  the  maximum  charg¬ 
ing  voltage  on  the  capacitor  can  be  calculated  by  consideration  of 


*£S1  Impedance  Bridge  Model  252 
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the  repetition  rate  f  is  equal  to  twice  the  natural  resonant  frequency 
of  the  charging  circuit.  The  resonant  frequency  of  the  circuit  is 
given  by  Tr”1.  Therefore 

f0  -  1/2"T>  (LC)1/2  or  f  -  l/'TKLC)1/2 

Using  1  kiloherz  as  a  design  point  the  required  size  of  the  Inductor 
may  be  determined 

I  L  -  l/'TT'2f2C  -  1/(3.14)2(1000  sec-l)2(15  x  10“9nf)  **6*75  hy 

In  selecting  a  commercially  available  charging  inductor,  a  10  kw,  5  hy 
model  was  finally  chosen.  This  allows  a  repetition  rate  of  1162  herz 
to  be  reached  in  the  normal  resonant  range  of  operation.*  The  maximum 
voltage  that  can  be  used  is  determined  by  the  product  of  the  average 
g  supply  current  and  the  effective  impedance  presented  to  supply  by  the 

charging  inductor  (i.e.  vmax  *  zTL*ave  ZTL  “  L>* 

Since  -  2-t*f0  then  -  (2)(3.14)(581  sec_1)(5  hy)  -  18.25  kfl 
*  and  vmax  -  (18,250JU(.25A)  -  4562  volts 

From  this  operating  voltage  the  maximum  power  drawn  from  the  supply  may 
<  be  determined. 

?out  "  W2max  ”  («62V)(.25A)  -  1140  watts 


C 


*The  charging  cycle  may  be  operated  above  thi**  point  into  the  linear 
range  but  at  a  sacrifice  in  output  voltage  and  decreased  pulse  to 
pulse  reproducibility. 

r 
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the  energy  flow  from  the  supply  to  the  capacitor. 

(V8)  ^  -  4562  volts 

<EC)  theoretical  -  2C(Vs)max2  ,  l/2(C)(Vc)2max 
(Ec)  practical  -  (1  -  D.F.)(EC)  theoretical 

Solving  for  (VC)MX 

(Vc)inax  "  2  (Vs)max  [1  -D.F.]*/2 

(VC)D„  -  (2)(4562V)(l-.07)1/2  -  8799  volts 

The  maximum  energy  available  from  the  pulse  charging  network  will 
then  be 

Ec  -  1/2  CV2  -  ( 1/2) ( 15  x  10~9nf)(8799V)2 
Ec  -  .58  joules 

This  value  of  1/2  joule  is  only  half  of  the  stored  energy  necessary 
to  realize  1  joule  on  the  output  end  of  the  transmission  lines.  This 
situation  was  born  out  of  the  need  to  select  an  all  around  power  supply 
for  the  laboratory  and  still  operate  in  the  kilohertz  range.  This 
naturally  resulted  in  a  sacrifice  in  pulse  energy  on  the  ouput.  If  the 
repetition  rate  is  reduced,  then  the  output  pulse  energy  can  be 
increased  up  to  almost  12  joules  per  shot.*  Thus  an  extended  range  of 
output  pulse  energies  is  available  by  varying  the  size  of  the  charging 
inductor  and  the  corresponding  repetition  rate  for  a  given  size  dls~ 
charge  capacitor. 


*This  assumes  that  only  90  percent  of  the  energy  appearing  at  the 
discharge  capacitor  will  be  available  at  the  load. 
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6.  EXPERIMENTATION 


Testing  Overview 

The  testing  phases  of  the  present  research  effort  consisted 
of  several  parts.  The  first  part  revolved  around  the  selection  and 
testing  of  the  liquid  dielectrics  considered  most  suitable  for  incor¬ 
porating  into  a  liquid  filled  transmission  line  (LTL).  The  two  primary 
candidates  were  water  and  glycerine.  The  most  Important  electrical 
properties  and  energy  storage  capabilities  of  these  two  liquids  have 
already  been  given  in  Table  1.  Referring  back  to  that  table,  both 
liquids  appear  to  have  suitable  energy  storage  capabilities  with  water 
having  the  ability  to  deliver  a  longer  pulse  for  a  given  transmission 
line  length.  Glycerine  on  the  other  hand,  with  its  higher  dielectric 
strength,  can  deliver  more  power  to  the  load,  again  for  a  certain  size 
transmission  line.  Since  each  one  of  these  dielectrics  possessed 
certain  characteristics  favorable  to  their  use,  both  were  tested  to 
determine  whether  or  not  there  were  any  operational  differences  between 
them.  A  Marx-Bank  was  first  used  to  pulse  charge  a  single  liquid 
transmission  line  filled  with  either  glycerine  or  water.  These  two 
dielectrics  were  tested  in  order  to  determine  their  maximum  practical 
working  voltages  as  well  as  their  healing  times  under  fault  conditions. 
It  was  established  during  this  series  of  experiments  that  glycerine  was 
more  electrically  stable  than  water  under  no  flow  conditions.  This  was 
evidenced  by  the  fact  that  water  failed  to  achieve  the  expected  hold- 
off  voltage  of  15  kv/mm. 
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Experimentation  then  turned  towards  measurements  of  the  LTL's 
charging  times  with  glycerine  as  the  dielectric.  Subsequent  experi¬ 
ments  were  aimed  at  measurements  of  the  risetimes  and  rates  of  rise  of 
the  current  pulses  under  varying  conditions  of  output  inductance  and 
impedance.  These  latter  experiments  shed  considerable  light  on  the 
transition  region  between  a  lumped  parameter  and  distributed  parameter 
network.  The  final  product  of  all  the  above  experiments  was  the  gaining 
of  an  in-depth  understanding  of  the  operating  characteristics  of 
LTLs. 

During  the  experiments  Involved  with  understanding  the 
characteristics  of  the  transmission  lines  there  was  a  parallel  develop¬ 
ment  of  fast  pulse  charging  circuits  used  to  energize  the  LTLs.  The 
first  circuit,  a  Marx-Bank  while  fast  was  deemed  far  too  inefficient 
because  it  reslstlvely  draws  its  energy  from  the  power  supply.  There¬ 
fore,  this  circuit  was  later  replaced  with  resonant  charging  network 
that  increased  the  total  overall  power  transfer  efficiency  by  almost  a 
factor  of  10.  Final  testing  was  undertaken  with  this  latter  system. 


Marx  Bank  Testing 

The  first  pulse  charging  circuit  constructed  was  a  34  kv,  53 
nf  two-stage  Marx-Bank.  The  capacitors  used  in  the  Marx-Bank  are  50 
kv,  15  nf  capacitors  from  Sangamo.  Figure  6.1  shows  the  entire  Bank 
which  consisted  of  two  stages  of  seven  capacitors  per  stage.  It  was 
necessary  to  parallel  this  number  of  capacitors  in  order  to  Increase 
the  output  capacitance  of  the  Marx-Bank  (53  nf)  to  a  value  high  enough 
so  as  to  prevent  significant  voltage  droop  from  occurring  during 


charging  of  the  transmission  lines.  The  bank  was  resistively  charged 
as  shown  in  Figure  5.2.  Erection  of  the  Marx-Bank  occurred  via  a 
standard  air-filled  spark  gap  shown  in  Figure  6.2.  One  of  the  elec¬ 
trodes  was  threaded  and  moveable,  enabling  the  gap  spacing  to  be  varied 
thereby  changing  its  breakdown  voltage  and  the  output  voltage  of  the 
Marx-Bank.  Operating  characteristics  of  the  spark  gap  and  supply 
limited  this  range  to  from  several  kv  to  almost  35  kv.  A  typical  open 
circuited  output  voltage  waveform  of  the  Marx-Bank  is  shown  in  Figures 
6.3  through  6.4. 

The  output  voltage  has  a  10-90Z  risetime  of  about  23  nsec 
(Figure  6.4).  The  speed  of  the  Bank  was  therefore  deemed  fast  enough 
to  pulse  charge  the  TLs  in  the  time  frames  of  Interest  (l.e.  less 
than  several  JULsecs).  The  actual  charging  of  the  TLs  was  accomplished 
by  way  of  an  isolating  gap  (Figure  6.5)  set  to  be  statically  triggered 
on  the  erection  peak  of  the  Marx-Bank.  This  gap's  static  breakdown 
voltage  was  also  variable  in  the  same  manner  as  the  Marx-Bank  gap. 


Marx -Bank  erection  spark  gap 


Water  Tests 


Water  was  selected  first  for  testing  because  it  was  available 
in  a  very  pure  form.*  The  basic  procedure  was  to  prepare  the  TL 
structure  by  thoroughly  cleaning  the  interior  with  alcohol,  enter  the 
water  as  quickly  as  possible  and  then  Immediately  begin  testing.  The 
quickness  with  which  each  of  these  latter  two  tasks  was  accomplished 
was  deemed  necessary  in  order  to  minimize  the  diffusion  of  Ion  products 
and  contaminants  Into  the  high  field  regions  of  the  TLs.  The  ion 
products  and  contaminants  were  assumed  to  be  forming  at  the  mild 
steel~water  Interface  by  the  dissolving  action  of  the  water.  Ini¬ 
tially,  tests  at  a  1  mm  electrode  separation  were  very  negative. 
Supposedly  the  maximum  practical  working  stresses  on  a  negative  elec¬ 
trode  in  water  should  be  about  15  kv/mm.  The  first  tests  were  at  14 
kv/nm  and  breakdown  through  the  TLs  occurred  on  every  charging  cycle. 
The  TLs  were  then  drained  and  inspected  for  damage.  The  internal 
discharges  had  caused  the  appearance  of  small  pits  on  the  line  struc¬ 
tures.  It  was  encouraging  that  these  pits  were  not  localized  near  the 
edges  or  ends  of  the  lines.  Both  of  these  areas  had  been  radlused  to 
prevent  field  enhancement  and  premature  breakdown.  Nor  were  these  pits 
localized  at  any  certain  point  on  the  lines  but  were  distributed  rather 
evenly  over  the  mldsectlon  of  the  line.  From  this  evidence  it  was 
concluded  that  even  though  the  expected  field  strengths  were  not 
reached,  the  electric  field  region  of  the  TL  structure  was  of  a  fairly 
uniform  quality  and  the  breakdowns  occurring  were  statistically 


*Distilled  in  a  two-stage  all  quartz  condensing  unit. 
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located.  This  simply  means  that  the  breakdowns  were  occurring  at  those 
instances  in  time  at  which  the  right  conditions  just  happen  to  exist. 
Subsequent  field  strength  testing  of  water  occurred  by  lowering  the 
voltage  in  2  kv  increments  from  the  original  1A  kv  test  voltage.  In 
each  of  these  tests  only  one  TL  was  used  with  a  constant  spacing  of  1 
mm.  After  each  test  the  system  was  drained,  dismantled  and  painstak¬ 
ingly  cleaned.  All  of  the  discharge  pits  from  the  previous  experiment 
were  smoothed  off  with  very  fine  emery  cloth.  The  test  voltage 
steadily  decreased  downward  from  12  kv  to  10  kv  to  8  kv,  and  finally, 
at  6,000  volts,  hold-off  occurred  and  sparking  took  place  on  the  output 
gaps  of  the  TLs.  The  output  gaps  consisted  of  opposing  1/8-inch 
diameter  stainless  steel  pin  electrodes  of  variable  spacing.  Testing 
proceeded  around  the  6  kv  hold-off  voltage  and  it  was  determined 
experimentally  that  the  maximum  stress  obtainable  with  water  under 
static  or  no  flow  conditions  was  no  more  than  7  kv/ram.  This  reduced 
the  storage  capabilities  of  water  by  more  than  a  factor  of  four. 
The  reason  for  this  poor  performance  by  water  is  probably  related  to 
the  ionization  products  being  produced  through  contact  with  the  mild- 
steel  box  structure  in  which  the  three  stainless  steel  TLs  are  housed. 
From  conversations  with  several  knowledgeable  individuals  as  well  as 
documentation  found  in  several  articles  it  was  concluded  that  without 
continual  flow  and  deionization,  water  would  only  be  a  substandard 
energy  storage  medium. (18,23)  For  the  lack  of  a  suitable  deionizing 
and  filtering  system,  It  was  decided  to  abandon  the  use  of  water  and 
turn  to  glycerine  Instead. 
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Reagent  grade  glycerine  was  obtained  from  the  Chemistry 
Department  and  used  to  replace  water  as  the  TL  medium.  The  results  of 
the  change  were  very  positive.  At  two  different  spacings,  1/2  and  1 
bid,  breakdown  strengths  of  21  and  23  kv  per  mm  were  achieved  with  200 
to  300  nsec  charging  times.  This  is  an  average  of  22  kv/mm  and  not  too 
much  different  from  the  25  kv/mm  referenced  in  Table  1.  All  subsequent 
experimentation  in  this  research  program  was  with  glycerine  and  no 
other  liquid  dielectrics  were  tested. 

Self-Healing  Times 

One  of  the  most  important  properties  of  liquid  dielectrics  is 
their  ability  to  heal  themselves  once  an  internal  discharge  through 
them  has  occurred.  In  this  respect  it  was  decided  to  visually  observe 
breakdown  and  then  reapply  system  voltage  with  a  varying  time  lag 
between  breakdown  and  voltage  application.  This  same  experiment  had 
been  run  earlier  with  water  with  the  following  results.  The  self- 
healing  time  of  water  was  found  to  be  fairly  fast.  After  breakdown  had 
occurred,  the  voltage  was  reapplied  at  a  reduced  level  by  varying  the 
input  voltage  from  the  power  supply.  It  was  found  that  most  of  the 
time  the  system  voltage  could  not  be  reapplied  fast  enough  to  cause 
premature  or  anomalous  breakdown.  No  visual  change  in  the  medium  was 
observed.  Glycerine  on  the  other  hand  reacted  somewhat  different. 


Every  time  an  internal  breakdown  occurred  there  appeared  a  black  cloud 
of  ionization  products  along  the  trail  of  the  discharge.  If  the 
voltage  was  reapplied  too  faBt,  anomalous  breakdown  occurred  usually 
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very  close  to  the  region  of  the  last  breakdown.  It  took  anywhere  from 
10-30  seconds  for  glycerine  to  heal  depending  upon  the  se\  rity  of  the 
breakdown  and  the  number  of  times  that  it  occurred  at  any  one  location. 
Visually  it  could  be  seen  that  the  black  ionization  products  would 
slowly  rise  to  the  surface  of  the  liquid.  It  might  be  that  once  the 
chain  of  ionization  products  from  one  electrode  to  the  other  has  been 
sufficiently  broken,  the  hold-off  voltage  will  reappear. 

These  experiments  showed  that  water  clearly  holds  an  edge 
over  the  more  viscous  glycerine  regarding  healing  times.  If  glycerine 
is  to  be  used  in  a  highly  stressed,  high  repetition  rate  mode  there 
should  be  some  sort  of  fault  indicator  and  relay  network  used  to 
interrupt  the  flow  of  energy  for  a  time  period  sufficiently  long  enough 
for  the  dielectric  to  heal  itself.  In  this  respect  it  would  also  be 
very  desirable  to  circulate  the  fluid  and  filter  any  contaminants  from 
it.  With  water  this  can  be  accomplished  rather  easily,  while  with 
glycerine  it  presents  a  problem  because  of  its  higher  viscosity. 

TL  Charging  Voltage  Waveforms 

Since  efficient  use  of  the  energy  storage  capabilities  of 
liquids  require  the  systems  to  be  pulse-charged,  it  would  be  instruc¬ 
tive  to  measure  the  actual  charging  times  involved  in  the  present 
system  and  determine  the  relative  magnitude  of  the  internal  losses 
caused  by  bleed-off  during  the  charging  cycle.  During  the  charging 
cycle  a  TL  acts  as  a  capacitor  with  a  time  constant  of  c.  The 
waveforms  in  Figures  6.6  through  6.10  are  representative  of  the  charg¬ 
ing  waveforms  on  the  TL  when  pulse  charged  from  the  Marx  Bank.  The 
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voltage  risetime  from  zero  to  95 T  full  charge  (5'f'c)  varies  from  100 
nsec  In  Figure  6.6  to  250  usee  in  Figure  6.9.  Comparison  of  the 
waveforms  shows  that  there  is  a  distinct  difference  between  them  with 


respect  to  the  waveshape  at  the  time  of  breakdown.  It  should  be 
remembered  that  the  discharge  is  operating  in  a  self -breakdown  mode.  A 
tesla  coil  arc  was  applied  to  the  lower  electrode  to  provide  the 
discharge  gap  with  some  initial  ionization  which  reduced  the  static 
breakdown  voltage  for  a  given  gap  separation.  The  optimum  breakdown 
mode  occurred  when  the  peak  charging  voltage  was  just  enough  to  cause 
breakdown.  If  the  voltage  is  insufficient  to  cause  breakdown,  no 
discharge  will  take  place  and  Che  TL's  entire  supply  of  stored  charge 
will  bleed-off  internally,  resulting  in  an  efficiency  factor  of  zero 
for  that  particular  pulse.  If  on  the  other  hand  the  peak  charging 
voltage  is  much  greater  than  that  required  for  breakdown,  discharge  of 
the  TLs  will  take  place  on  the  rising  portion  of  the  wavefront.  Since 
the  risetime  of  the  charging  voltage  on  the  TLs  is  Independent  of  the 
final  peak  voltage,*  premature  breakdown  will  occur  with  a  concomitant 
reduction  in  risetime.  That  is  exactly  what  occurs  in  the  above 
photographs.  In  Figure  6.6  the  input  charging  voltage  is  clearly  much 
more  than  is  required  to  initiate  conduction.  Close  inspection  of 
Figure  6.6  will  reveal  that  after  Initial  breakdown  takes  place  at 
Point  A,  the  voltage  levels  off  from  A  and  B  and  then  proceeds  to  fall 
toward  zero.  This  leveling  off  is  the  result  of  an  interaction  between 
the  charging  and  discharging  voltage  pulses.  The  discharge  pulse  can 
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•  TL  charging  voltage  waveform 


TL  charging  voltage  waveform 
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be  modeled  as  a  negative  voltage  wave  appearing  at  the  Instant  of 
breakdown  and  traveling  in  the  opposite  direction  as  the  charging 
pulse.  If  the  system  voltage  would  have  peaked  out  at  the  time 
of  discharge  the  resulting  waveform  would  show  only  a  gradual  decline 
toward  zero  potential  and  no  step  would  have  occurred  (see  Figure 
6.9-6.11).  But,  if  the  voltage  is  still  rising  at  the  time  of  break¬ 
down  the  negative  voltage  wave  will  encounter  a  rapidly  changing 
positive  wave  and  application  of  the  principle  of  superposition  will 
show  that  an  intermediate  voltage  step  can  appear.  As  the  gap  separa¬ 
tion  is  increased  which  corresponds  to  an  increase  In  static  breakdown 
strength,  the  waveforms  start  to  assume  the  proper  shape  (see  Figures 
6.8  and  6.9).  Notice  how  breakdown  occurs  on  the  rounded,  slowly 
changing  portion  of  the  waveform.  This  Indicates  that  peaking  is 
occurring  at  the  time  of  discharge.  Pulse  charging  is  inefficient 
enough  without  also  operating  in  a  premature  breakdown  mode.  This  type 
of  operation  can  easily  be  avoided  by  proper  adjustment  of  the  input 
voltage.  For  any  given  electrode  spacing,  the  input  voltage  should  be 
slowly  raised  until  a  consistent  sparking  action  results.  This  will 
ensure  optimum  use  of  the  available  energy  in  the  pulse  charging 
circuit. 

At  this  point  it  should  be  stressed  that  even  though  over- 
voltaglng  is  a  common  technique  for  causing  uniform  discharge  breakdown 
along  a  laser  channel,  it  is  definitely  not  energy  efficient  in  pulse 
charging  circuits.  The  function  of  uniform  discharge  triggering  has  to 
be  separated  from  the  charging  circuit  in  order  to  achieve  both  goals 


of  efficient  energy  use  and  uniform  discharge  triggering.  On  the 
average,  the  charging  time  for  the  TLs  is  about  250  msec.  This  is 
approximately  equivalent  to  a  1  MHz  charging  signal.  From  Von 
Hippie, (23)  the  loss  tangent  (£  )  for  glycerine  at  1  MHz  is  approxi¬ 
mately  300  x  10*^.  Charging  losses  are  therefore  about  2t.  Since 
the  TLs  do  not  always  discharge  exactly  on  the  voltage  peak,  but  are 
sometimes  delayed,  there  are  additional  losses  which  occur  by  internal 
bleedoff.  These  latter  losses  may  be  determined  by  consideration  of 
the  RC  decay  constant  for  a  DC  signal.  This  constant  has  previously 
been  given  by  /r\£  ,  where  /A  is  the  dielectric  resistivity  and  €  the 
permittivity.  The  resistivity  of  glycerine  is  given  by  reference  (24) 
to  be  15.6  miX -cm  and  €  the  permittivity  is  given  by  the  same  refer¬ 
ence  to  be  3.9  x  1010f/m. 

Therefore  RC  «<n*  **  (15.6  o-TX -cm)(3.9  x  10“8  f/cm)  -  60.8  usee 
The  magnitude  of  the  Internal  energy  loss  will  be  equal  to 

Loss  -  [ l-(V(t)/Vpk) ] 

with  V(t)  -  Vpk  [l-ec/RC)j  where  t  becomes  the  time  lag  interval. 
From  Figure  6.10  this  is  determined  to  be  no  more  than  100  nsec. 
Substituting  this  value  into  the  time  interval,  the  internal  losses  due 
to  bleed-off  are  found  to  be  much  less  than  It.  Therefore  in  this 
case,  the  major  portion  of  the  losses  occur  during  the  Initial  charging 
cycle  and  time  lag  decay  losses  are  minimal. 

In  all  the  aforementioned  cases,  the  Marx-Bank  was  the 
primary  source  for  the  pulse  charging  circuit.  Later  measurements  with 
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the  resonant  charging  scheme  yielded  somewhat  better  results.  The 
busbar  impedance  between  the  discharge  capacitor  and  the  TLs  was 

r 

significantly  reduced  by  decreasing  the  conductor  separation,  (Figure 
6.11),  thereby  increasing  the  peak  charging  current  of  the  circuit. 
This  naturally  led  to  a  decrease  in  the  voltage  risetime  on  the  TLs 
from  250  nsec  to  approximately  180  nsec  (see  the  lower  trace  in  Figure 
6.20).  This  increased  rate  of  charging  will  naturally  reduce  bleedoff 
losses,  but  it  will  also  Increase  the  skin  losses  associated  with  the 
higher  discharge  currents  and  charging  frequency.  From  an  efficiency 
standpoint,  the  shorter  180  nsec  charging  times  are  probably  not  much 
I  better  than  the  longer  250  nsec  ones  for  these  reasons. 

Capacitive  Matching 

The  major  difference  in  the  two  pulse  charging  circuits 
utilized  is  the  output  capacitance  of  each.  The  lower  output  capaci¬ 
tance  of  the  resonant  scheme  (15  nf)  as  compared  to  the  Karx  network 

(53  nf)  will  enable  it  to  be  more  closely  matched  to  that  of  the 

I 

transmission  lines.  It  should  be  remembered  that  exact  capacitive 
matching  between  source  and  load  (TLs)  will  maximize  the  power  transfer 
efficiency.  Figures  6.12  and  6.13  show  the  source  voltage  of  the 

r 

capacitor  as  a  function  of  time  in  the  resonant  case.  Notice  that  the 

peak  charging  voltage  is  about  4.4  kv  before  discharge  and  about  2.2  kv 

after  it  has  discharged  and  energized  the  TLs.  These  values  of  initial 
C 

and  final  capacitor  voltages  reflect  the  fact  that  resonant  transfer  of 
the  energy  from  the  capacitor  to  the  storage  line  is  not  occurring, 

t 
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Plexiglass  End  Plate 


Fig.  6.11.  New  busbar  configuration 


Fig.  6.12.  Capacitor  voltage,  before  and  after  breakdown 


otherwise  the  capacitor  voltage  would  be  reduced  to  zero.  Analysis 

of  the  waveforms  for  the  capacitive  matching  experiments  (Figures  6.18 
and  6.19)  show  that  at  the  charging  frequency  of  1.4  MHz  the  quality 

factor  of  the  circuit  is  less  than  3.  From  this  value  of  the  quality 

factor  it  can  be  determined  from  equation  (50)  that  the  transfer 
efficiency  should  be  about  70  percent.  This  agrees  well  with  the  25 
percent  of  the  total  amount  of  Initial  system  energy  remaining  on  the 
capacitor  as  determined  from  the  voltage  on  the  capacitor  (2.2  kv) 

after  charging  of  the  TLs.  Another  phenomenom  that  is  apparently 
occurring  at  low  repetition  rates  is  bleed-off  of  the  capacitor* 
Notice  In  Figure  6.12  that  the  voltage  level  at  the  time  of  discharge 
is  significantly  less  than  just  after  resonant  recharging  has  occurred. 
The  explanation  for  this  phenomenom  probably  lies  in  the  quality  of  the 
diode  chain  chosen  to  prevent  this  type  of  bleedoff.  It  appears  that 
there  is  insufficient  reverse  blocking  Impedance  for  keeping  the 
capacitor  fully  charged  for  more  than  a  fraction  of  a  second.  It 
should  be  added  that  at  higher  repetition  rates  there  is  no  bleed-off 
noticeable  (Figure  6.14  through  6.15).  This  condition  can  probably  be 
lived  with  or  corrected  by  using  a  better  quality  diode.  Capacitive 
matching  between  source  and  load  is  very  important  because  it  minimizes 
late  and  undesirable  energy  delivery.  Figures  6.16  through  6.19 
illustrate  this  behavior. 

Figures  6.16  and  6.17  were  taken  with  the  Marx- Bank  as  the 
pulse  charging  source.  Notice  how  both  figures  show  the  existence  of 
two  distinct  oscillation  frequencies.  The  higher  frequency  corresponds 
to  the  TL  discharge  while  the  one  its  superimposed  on  belongs  to  the 
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discharging  Marx-Bank.  The  difference  between  these  two  photographs 
lies  in  the  capacitance  of  the  TL  as  compared  to  that  of  the  Marx. 
Figure  6.18  has  a  much  lower  capacitance  associated  with  it  than  Figure 
6.19.  It  should  also  be  remembered  that  the  impedance  of  the  TL  is 
inversely  proportional  to  its  capacitance.  Therefore,  a  lower  capaci¬ 
tive  TL  should  also  have  a  higher  output  impedance  which  would  reduce 
the  first  current  peak  it  experiences  for  a  given  charging  voltage. 
That  is  exactly  what  is  borne  out  in  Figures  6.18  and  6.19  These 
photographs  were  taken  with  a  Tektronix  7504  single  beam  oscilloscope 
and  a  Physics  International  model  205  Rogowskl  coll.  The  coil  was 
accidentally  linked  backwards  by  the  discharge  loop  for  these  experi¬ 
ments,  hence  the  need  to  have  the  voltage  Inverted  on  the  scope. 
Later,  the  same  experiment  was  repeated  but  with  the  resonant  charging 
network  and  a  Tektronix  dual  beam  7704  oscilloscope.  The  resonant 
charging  scheme  with  its  lower  output  capacitance  allowed  it  to  be 
exactly  matched  to  the  TL,  while  the  dual  beam  capability  allowed 
observation  of  both  the  current  and  the  voltage  simultaneously.  Notice 
in  Figve  6.20  how  the  envelope  of  the  TL  current  and  voltage  oscilla¬ 
tions  decay  rather  uniformly  to  zero.  On  the  other  hand,  in  Figure 
6.21  there  is  a  distinct  and  appreciable  driving  force  acting  past  the 
time  at  which  the  TL  oscillations  have  died  out*  This  clearly  shows 
the  need  to  operate  pulse  charging  circuits  in  capacitive  matched  modes 
in  order  to  make  the  best  possible  use  of  the  available  energy. 
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Stainless  steel  pin  electrode  configuration 


Current  Risetime  Experiments 


One  of  the  basic  design  criterion  of  the  TL  discharge  circuit 
was  that  it  generate  a  rectangular  shaped  output  pulse.  To  achieve 
this  criterion  it  is  necessary  to  reduce  the  pulse  risetime  to  much 
less  than  half  the  one  way  transit  time  of  the  TL  (see  the  section  on 
pulse  shaping).  Much  experimental  time  and  effort  was  therefore 
directed  toward  measurements  of  current  pulse  rlsetlmes  under  varying 
conditions  of  output  inductance  and  impedance.  The  two  principal 
output  configurations  tested  are  illustrated  in  Figures  6.20  and  6.21. 
Figure  6.20  is  of  the  first  configuration  tested.  It  consisted  of  a  TL 
output  busing  network  and  a  stainless  steel  electrode  arrangement 
originally  designed  for  use  in  a  high  intensity  spark  lamp  array.  The 
main  geometrical  variable  in  this  configuration  was  th«  electrode 
spacing.  Changing  the  electrode  spacing  varied  both  the  arc  Inductance 
and  the  load  impedance.  This  enabled  observation  of  the  effect  of 
these  two  variables  on  both  the  risetime  and  the  impedance  matching 
characteristics  between  the  load  and  the  Tls.  Table  2  in  Appendix  3 
lists  the  measured  and  calculated  results  for  the  entire  series  of 
experiments  with  certain  test  6eries  being  referenced  here  for  analysis 
purposes . 

The  transmission  lines  were  initially  set  at  their  designed 
spacing  of  1  mm.  and  measurements  of  the  charging  voltage  waveforms  and 
current  pulse  outputs  were  made.  The  voltage  was  measured  with  a  6015 
Tektronix  hl-voltage  probe  while  the  discharge  current  was  monitored 
with  the  PI  Rogovskl  coll.  Figure  6.22  is  typical  of  the  current 
waveforms  observed.  The  results  of  the  first  set  of  experiment  (Series 
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A)  indicated  that  the  current  risetimes  were  too  long  to  show  the  flat 
top  characteristics  of  a  discharging  distributed  parameter  network. 
The  next  series  of  tests  (Series  B)  were  aimed  at  reducing  the  in¬ 
ductance  of  the  output  configuration  by  reducing  the  spark  gap  spacing 
of  the  load.  In  Reference  (6)  it  was  reported  that  in  many  instances 
the  arc  Inductance  was  a  major  contributor  to  the  total  loop  inductance 
of  a  discharge  circuit.  Therefore,  by  varying  the  arc  length  it  should 
be  possible  to  reduce  its  effect  on  the  total  loop  inductance  of  the 
transmission  line's  output  section.  The  spark  electrode  separation 
distance  Sg^  was  varied  from  1  mm  to  2.88  mm  and  finally  all  the  way 
up  to  4.88  mm.  Current  and  voltage  measurements  were  made  at  each 
separation.  The  results  are  tabulated  in  Table  2.  Figures  6.23 
through  6.25  are  representative  of  the  photographs  taken  of  the  current 
pulse  waveform  during  this  series  of  experiments. 

At  first,  it  was  very  confusing  because  no  matter  what 
spacing  was  used  all  the  risetimes  were  in  the  neighborhood  of  50  nsec. 
In  fact,  closer  inspection  of  the  data  made  it  even  more  confusing 
because  one  of  the  shorter  risetimes  observed  was  with  the  largest 
spacing  (4.88  mm)  and  one  of  the  longest  risetimes  with  the  smallest 
spacing  (1  mm).  The  reason  for  these  results  was  traced  to  the  fact 
that  ell  the  experiments  were  not  correlated  with  a  single  input 
voltage  and  peak  current.  In  other  words,  a  faster  rising  or  sharper 
pulse  can  have  a  risetime  much  longer  than  a  slower  rising  pulse  if  its 
peak  value  is  much  greater  than  in  the  latter  case.  Therefore,  a  much 
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better  indicator  of  what  is  occurring  as  the  arc  inductance  varies  for 
a  given  input  voltage  would  be  dl/dt,  the  rate  of  change  of  the  current 
on  the  pulse  wavefront.  Comparison  of  the  rates  of  current  change  in 
the  second  set  of  experiments  showed  that  the  anticipated  inverse 
relationship  between  output  inductance  snd  dl/dt  did  take  place.  Since 
the  values  for  the  1  mm  electrode  spacing  experiment  were  taken  at  only 
a  5  kv  input  voltage  as  compared  to  the  7.5  kv  used  in  the  other  two 
cases  it  was  necessary  to  correct  these  values  of  dl/dt  by  a  factor  of 
1.5  (i.e.  7. 5/5.0).  This  correction  is  necessary  in  order  that  any 
variation  in  dl/dt  be  only  attributable  to  a  change  in  output  induct¬ 
ance  and  not  output  voltage.  The  results  are  plotted  in  Figure  6.26 
It  can  be  seen  that  as  the  arc  length  and  its  corresponding  Inductance 
is  increased  the  rate  of  change  of  the  current  on  the  pulse  wavefront 
goes  down.  This  inverse  relationship  between  output  inductance  and 
current  rate  of  change  is  exactly  what  should  occur. 

It  was  also  realized  at  this  time  that  the  reason  the  rise- 
times  were  not  changing  was  because  the  peak  values  of  the  current 
pulses,  Ipfc,  were  changing  at  approximately  the  same  rate  as  dl/dt 
was  changing.  The  peak  value  of  the  current  pulse  is  given  by  equation 
(22)  to  be 


Ipk  -  Vpfc/CZn,  +  RL)  (22) 

For  any  given  TL  spacing,  Z^  is  constant  and  for  a  given  input  voltage 
Vpk  the  only  remaining  variable  is  the  load  impedance  R^.  The  load 
Impedance  consists  of  a  series  combination  of  two  components,  Rl  and  L. 
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Rl  Is  the  resistive  component  of  the  output  configuration.  Rl  in¬ 
cludes  skin  resistances  and  all  ohmic  resistances  in  the  spark  itself. 
The  inductive  part  of  the  load  impedance  L  is  composed  of  all  the 

series  inductances  in  the  output  configuration  which  includes  all 

busing  Inductances  and  the  inductance  of  the  spark  itself.  As  the 

spark  electrode  spacing  is  increased,  both  R^  and  L  will  increase 
also.  In  the  Series  6  experiments,  the  increase  in  the  inductive 
component  has  reduced  the  dl/dt  on  the  pulse  wavefront,  but  it  also  in 
combination  with  the  resistive  part  has  limited  the  magnitude  of  the 
first  current  peak.  These  two  effects  occurring  simultaneously  were 
the  reasons  that  the  pulse  risetlmes  were  not  changing.  It  is  also  the 
reason  why  Increased  damping  of  the  TL  discharge  was  not  observed. 
Damping  is  dependent  only  upon  Che  resistive  component  of  the  discharge 
loop  and  not  the  total  impedance.  While  Increasing  the  length  of  the 
discharge  did  increase  the  total  load  impedance,  evidently  the  in¬ 

creased  ohmic  resistance  of  the  spark  was  not  of  sufficient  magnitude 
to  manifest  itself  as  an  increase  in  the  damping  factor  of  the  circuit. 
Figure  6.27  is  a  plot  of  the  total  load  impedance  versus  the  spark 
electrode  spacing.  The  calculated  load  impedance  values  for  the  1  mm 
spacing  uelng  equation  (22)  had  to  be  adjusted  because  the  peak  voltage 
observed  on  the  traces  was  much  below  the  output  of  the  Marx.  If  the 
observed  value  for  the  voltage  was  used  to  calculate  the  total  ouput 
impedance,  its  value  fell  below  the  natural  impedance  of  the  TL  which 
is  theoretically  impossible.  It  was  determined  that  in  cases  of 
premature  breakdown,  the  peak  discharge  current  would  depend  upon  the 
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voltage  across  the  transmission  line  and  not  the  breakdown  voltage 
observed  on  the  spark  gap. 

It  was  apparent  after  the  first  two  series  of  experiments 
were  completed  that  with  the  given  output  configuration  and  TL  spacing 
no  variation  in  the  spark  length  would  reduce  the  rlsetimes.  It  was 
then  decided  to  check  the  inverse  relationship  between  the  risetime  and 
the  TL  impedance  (i.e.,  Tp  cC  TL  *).  The  TL  was  set  at  the  lowest 
spacing  possible  (.25  mm)  and  the  rlsetimes  measured.  The  rlsetimes 
went  up  as  expected  to  as  much  as  96  nsec  (Figures  6.28  and  6.29). 
This  clearly  substantiated  the  inverse  relationship  and  showed  that 
shorter  rlsetimes  could  be  achieved  for  any  given  output  configuration 
simply  by  increasing  the  TL  impedance.  The  disadvantage  in  this  type 
of  operation  has  already  previously  been  shown  to  be  inefficient  if  the 
load  impedance  is  much  smaller  than  the  Impedance  of  the  TL.  For  this 
reason,  before  the  TL  Impedance  was  to  be  increased  in  order  to  reduce 
rlsetimes  it  was  decided  to  try  and  reduce  the  ouput  inductance  of  the 
busing  network  and  associated  electrode  arrangement.  To  this  end, 
several  arrangements  of  short  busing  strips  and  electrodes  were  tested 
to  see  whether  or  not  the  rlsetimes  could  be  reduced  without  changing 
the  TL  spacing  and  Impedance.  Figure  6.30  illustrates  the  configura¬ 
tions  tested  and  Table  2,  Section  D  lists  the  results. 

The  rlsetimes  were  still  no  better  than  obtained  in  the  very 
first  set  of  experiments.  During  the  testing  and  measurement  phases  of 
these  experiments  it  became  clear  that  the  need  to  insert  the  Rogowski 
coil  in  between  current  carrying  conductors  contributed  significantly 
to  the  output  inductance.  This  suggested  that  it  was  imperative  to 
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Fig.  6.28.  TL  current  output  waveform  (Zjl  ”  .4  ohm) 


reduce  all  other  contributions  to  the  output  inductance  to  an  absolute 
minimum.  Therefore,  at  the  same  time  that  the  TL  spacing  was  increased, 
a  new  output  configuration  was  also  used.  This  configuration  is  shown 
in  Figure  6.21.  The  new  configuration  utilized  the  widest  possible 
busing  strip  from  the  TL  to  the  spark  load,  thereby  minimizing  busing 
inductance.  At  the  load  end  it  was  decided  to  reduce  the  arc  length  to 
the  shortest  possible  usable  value.  The  arc  length  in  all  remaining 
series  of  experiments  was  set  at  no  more  than  3.2  mm.  The  fifth  series 
of  experiments  (Series  E)  used  this  low  Inductance  configuration  and  a 
2.4  mm  TL  spacing  (Z*^  -  3.58  A.  ).  The  risetlmes  were  16  to  18  nsec 
long  and  were  characteristic  of  distributed  parameter  discharges  (See 
Figures  6.31  through  6.32)  Notice  how  the  tops  of  the  discharges  are 
finally  leveling  out  as  compared  to  Figures  6.25  and  6.29.  The  in¬ 
clined  shape  of  the  top  of  the  pulse  is  probably  the  result  of  the  high 
capacitance  Marx-Bank  trying  to  drive  the  transmission  line  voltage  up 
during  discharge. 

The  last  two  sets  of  experiments.  Series  F  and  G  were  per¬ 
formed  after  the  Marx-Bank  had  been  replaced  by  the  resonant  charging 
network.  Micrometers  were  also  added  to  the  upper  section  of  the 
transmission  line  which  enabled  the  spacing  and  hence  the  TL  impedance 
to  be  more  easily  varied  to  any  desired  value.  The  TL  impedance  was 
raised  to  8.9  ohms  and  the  associated  risetlmes  observed.  For  the  8.9 
ohm  spacing,  the  current  risetlmes  (10-90Z)  were  no  more  than  6  nsec.* 


♦Unadjusted  risetlmes  which  did  not  account  for  instrumentation  errors 
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Figures  6.33  and  6.34  show  some  of  the  traces  observed  on  a  Tektronix 
7844  dual  beam  oscilloscope.  The  upper  trace  is  of  the  current,  while 
the  lower  is  of  the  voltage.  Note  that  the  voltage  trace  does  not  show 
the  characteristic  rectangular  shape  that  the  current  trace  does. 
This  is  in  this  time  frame.  Inspection  of  the  traces  show  that  the 
time  period  between  the  first  voltage  peak  after  breakdown  and  the 
first  voltage  minimum  is  about  8-10  nsec,  substantiating  the  hypothesis 
that  reflections  are  taking  place.  It  is  also  very  evident  by  the 

» 

traces  that  the  discharge  is  also  highly  underdamped.  This  was  a 
result  of  trying  to  minimize  the  arc  Inductance  and  its  effect  on  the 
risetime8.  Unfortunately,  this  also  reduces  the  load  impedance  and 
causes  the  ringing  so  noticeable  in  the  traces.  Figure  6.35  summarizes 
the  entire  series  of  risetime  experiments  by  plotting  rlsetimes  versus 
^  the  transmission  line  Impedances. 

Figure  6.35  shows  the  TL  output  current  rlsetimes  versus  the 
TL  impedence.  It  should  be  noted  that  the  fastest  rlsetime  pulses  were 
I  obtained  with  the  highest  Impedence  line  tested  (i.e.,  8.9).  The 

reason  for  this  is  that  by  equation  21  the  output  current  rlsetime  is 
proportional  to  the  output  inductance  and  inversely  proportional  to  the 
I  TL  impendence.  Therefore,  for  a  given  output  configuration  and  hence 

output  Inductance,  a  faster  rlsetime  current  pulse  can  be  obtained  by 
increasing  the  TL  impedence.  Unfortunately,  in  this  specific  Instance 
I  the  desired  square  wave  pulse  shapes  were  achieved  with  a  TL  impendance 

much  higher  than  the  anticipated  laser  or  flashlamp  loads  of  approxi¬ 
mately  1  ohm  that  this  system  could  potentially  drive.  In  order  to 
g  improve  on  this  mismatch,  it  would  be  necessary  to  reduce  the  output 
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inductance  that  the  TL  sees  to  an  absolute  minimum.  The  value  of  the 
output  inductance  can  be  determined  by  using  equation  21  and  the  known 
TL  impendance  and  measured  current  risetimes.  This  calculation  for 
tests  D  through  F  shows  that  the  output  inductance  varies  from  about  40 
to  60  nhy.  This  range  of  output  inductances  results  from  having  to 
vary  the  output  bussing  strips  separation  distances  as  the  TL  Impend¬ 
ance  is  changed.  The  output  inductance  includes  all  electrical  bussing 
strips  between  the  TL  and  spark  load  and  the  inductance  of  the  spark 
Itself.  It  is  estimated  using  equation  12  that  the  major  portion  of 
this  inductance  (25  to  35  nhy)  results  from  having  to  introduce  the 
Rogowskl  coil  into  the  discharge  circuit.  If  another  method  of  current 
measurement,  such  as  a  current  shunt,  were  used,  the  risetimes  obtain¬ 
able  from  the  lower  Impendance  settings  of  the  TL  could  be  reduced  to 
the  10  to  20  nsec  region. 
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Fig.  6.35.  TL  output  pulse  risetime  vs  TL  Impedance 
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7.  CONCLUSION 


The  purpose  of  this  study  was  the  investigation  of  methods 
for  Improving  the  lifetime  and  reliability  of  fast  risetime  electrical 
discharge  circuit  applicable  to  use  in  high  repetition  rate  short- 
wavelength  laser  schemes.  The  deficiencies  of  conventional  driving 
circuits  has  been  shown  to  be  centered  around  the  use  of  low- 
inductance,  high  voltage  capacitors  whose  lifetimes  are  extremely 
limited  under  high  repetition  rate  conditions.  One  approach  with 
potential  promise  for  circumventing  this  problem  is  through  the  use  of 
liquid  dlelectrlcs-most  notably  water  and  glycerine  whose  self-healing 
properties  and  stored  energy  density  characteristics  appear  favorable 
for  use  in  high  repetition  rate,  fast  risetime  electrical  discharge 
circuits. 

In  order  to  test  the  effectiveness  of  such  circuits  in 
potential  laser  applications,  a  prototype  electrical  energy  storage 
device  has  been  designed,  constructed  and  laboratory  tested.  The 
device  was  built  to  operate  as  a  short  length  hi-voltage  transmission 
line  utilizing  liquid  glycerine  as  its  dielectric.  The  basic  diffi¬ 
culty  and  expense  incurred  just  building  the  structural  element  of  the 
energy  storage  device  suggests  that  significant  reductions  in  the 
complexity  and  cost  would  have  to  be  achieved  for  this  aspect  of  the 
circuit  before  this  type  of  approach  would  be  acceptable  in  many 
applications  other  than  just  strictly  research  ones. 

In  summary  of  the  set  of  experiments  performed,  much  has  been 
learned  and  substantiated  concerning  the  fundamental  operating  charac- 
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teristics  of  distributed  parameter  networks  (i.e., 
networks)  for  possible  laser  excitation.  The  transition  region  between 
distributed  parameter  and  lumped  parameter  discharges  (i.e.,  ordinary 
capacitor  discharges)  have  been  observed  and  measurements  of  current 
and  voltage  waveforms  taken.  The  predicted  Inverse  relationship 
between  risetime  and  source  Impedance  has  been  shown  to  hold  true  for 
varying  conditions  on  the  output  network.  It  has  also  been  proven  that 
the  current  rate  of  change  is  definitely  proportional  to  the  output 
inductance  which  includes  both  busing  and  load  Inductance.  During  the 
course  of  these  experiments ,  it  was  also  found  that  the  need  to  use  a 
current  transformer  to  measure  the  current  rlsetimes  adversely  affected 
the  very  parameter  that  was  to  be  measured.  Use  of  the  doughnut  shaped 
Rogowski  coil  required  a  significant  separation  of  the  current  carrying 
conductors  on  the  load  end  of  the  TL.  This  required  separation  of  the 
conductors  resulted  in  an  additional  25  to  35  nhy  of  inductance  being 
Introduced  into  the  output  load,  thereby  restricting  current  rlsetimes 
attainable  at  the  lower  TL  impedence  settings  of  the  device.  This 
definitely  points  out  the  need  to  use  another  method  and/or  probe  for 
measuring  the  pulsed  current  output  of  the  transmission  lines.  In  this 
context  it  would  be  worth  considering  the  use  of  some  sort  of  current 
shunt  or  current  viewing  resistor  which  would  not  have  such  a  deleteri¬ 
ous  effect  on  the  parameter  being  measured. 

The  transmission  line  tested  exhibited  the  square  wave 
current  pulse  characteristic  of  this  type  of  energy  storage  element. 
Current  rlsetimes  as  short  as  4  nsec  were  obtained  at  the  8.9  ohm 
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impedence  setting  of  tlie  TL.  Pulse  repetition  rates  of  up  to  2khz  were 
achieved.  Continuous  firing  of  this  system  at  repetition  rates  of  1 
khz  for  periods  of  about  five  minutes  duration  (i.e.  300,000  shots) 
were  also  achieved  without  an  internal  fault  occurring  in  the  glycerine 
dielectric.  Longer  periods  of  continuous  operation  were  not  limited  by 
the  TL,  but  by  the  load  spark  discharge  electrodes  which  became  eroded 
and  carbon  coated  by  the  high  number  of  successive  discharges.  This 
caused  the  required  breakdown  voltage  for  the  spark  gap  to  increase  and 
the  system  at  some  point  would  fail  to  fire  reliably.  The  system  had 
to  be  shut  down  and  the  electrodes  cleaned  and  the  spark  gap  spacing 
readjusted.  Maximum  power  transfer  experiments  for  optimizing  the 
transfer  of  energy  from  the  TL  to  a  spark  load  were  not  attempted.  The 
major  emphasis  on  testing  centered  on  studying  only  the  TL  and  its 
busing  network  by  minimizing  the  spark  load  including  its  inherent 
inductance.  This  was  done  with  the  knowledge  that  once  the  TL  and  its 
output  busing  strips  electrical  discharge  characteristics  were  known, 
the  optimum  load  in  terms  of  resistance  and  inductance  could  be  deter¬ 
mined.  As  originally  designed,  the  system  would  provide  1  joule  of 
energy  per  shot  from  a  1  ohm  TL  operating  into  a  matched  load.  The 
design  criterion  of  only  1  joule  per  shot  was  necessitated  by  desire  to 
also  achieve  khz  repetition  rates.  The  power  supplies  utilized  in 
this  study  were  a  definite  limitation  to  the  maximum  per  pulse  energy 
delivered  at  high  repetition  rates  in  this  system. 

In  conclusion,  the  use  of  liquid  dielectrics  and  their 
self-healing  characteristics  in  reliable,  high  speed  electrical  dis- 
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charge  circuits  appear  quite  favorable  as  compared  to  conventional 
discharge  circuitry.  While  liquids  are  almost  invariably  used  in 
e-beam  device,  their  use  in  simpler  electrical  discharge  schemes  has 
been  highly  limited.  Further  work  with  liquid  dielectrics  and  their 
advantages  and  disadvantages  could  lead  to  the  construction  of  devices 
not  only  for  research  type  applications,  but  those  pertaining  to 
commercial  use  also. 
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RECOMMENDATIONS 


It  should  be  emphasized  that  even  though  the  energy-storage 
device  tested  should  have  considerable  promise  for  use  In  high  repeti¬ 
tion  rate,  fast  discharge  laser  applications,  further  modification  of 
the  prototype  device  would  be  necessary  before  it  could  be  used  in 
laser  driving  circuits.  The  modifications  are  as  follows: 

1.  Design  and  construct  a  simple  energy  storage  device 
utilizing  liquid  dielectrics.  A  lightweight,  multiple 
electrode  transmission  line  structure  weighing  not  more 
than  100  lbs  and  capable  of  delivering  10  to  20  joules 
of  energy  into  a  1  ohm  load  at  repetition  rates  of  1  khz 
would  illustrate  the  competitiveness  of  this  type  of 
device  as  compared  to  the  state-of-the-art  solid  state 
capacitors  designed  for  similar  application.  The  device 
tested  in  this  study  had  considerably  more  structural 
mass  than  required,  and  it  was  limited  by  the  available 
power  supply  to  delivering  only  a  single  joule  per  shot. 

2.  Improve  the  electrical  coupling  on  the  input  and  output 
sections  of  the  storage  device.  With  proper  design  the 
input  and  output  bussing  networks  self-inductance  could 
be  minimized  thereby  Improving  on  the  charging  times  of 
the  transmission  lines  and  minimizing  the  output  current 
pulse's  rlsetlmes  into  the  load. 
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3.  Add  a  flow  system  and  deionization  scheme  in  order  to 
utilize  water  as  the  dielectric.  A  flow  system  would 
allow  for  the  cooling  and  deionization  of  the  water 
dielectric  under  an  extended  periods  of  firing  a  high 
repetition  rate.  This  would  further  test  the  longevity 
capabilities  of  this  type  of  system. 

4.  Another  area  which  would  need  Improvement  is  the  switch 
used  to  pulse  charge  the  transmission  line  energy 
storage  device.  The  present  switch,  an  air  blown  spark 
gap,  is  susceptible  to  carbon  buildup  after  periods  of 
firing  at  high  repetition  rates.  This  leads  to  unre¬ 
liable  operation  and  therefore  needs  improvement.  A 
high  power  thyraton  or  other  switch  of  this  type  is 
suggested. 

5.  A  fifth  change  that  is  necessary  is  to  do  away  with  the 
Rogowski  coil  that  was  used  in  the  present  study  in 
favor  of  a  stripline  current  monitoring  device.  The 
need  to  insert  the  doughnut-shaped  Rogowski  coll  in  the 
output  loop  of  the  discharge  circuit  greatly  increased 
the  output  Inductance  of  the  loop,  thereby  restricting 
the  current  risetimes  attainable  with  this  particular 
arrangement. 

The  above  suggested  modifications  could  lead  to  an  Improved 
high  repetition  rata  fast  discharge  circuit  for  use  in  laser  excitation 
schemes.  While  the  present  study  was  aimed  at  those  laser  applications 
requiring  direct  discharge  or  flash-lamp  excitation,  one  should  not 
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overlook  other  possible  applications  such  as  small,  high  repetition 
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rate  electron  beam  devices.  E-beam  devices  typically  use  TL  energy 
storage  elements  in  their  excitation  circuits.  E-beam  machines  have 
the  important  attribute  that  once  the  beam  exits  from  the  device,  its 
pulse  energy,  width  and  shape  cannot  be  affected  by  the  load-upon  which 
it  Impinges.  This  means  that  a  high  Impedance  e-beam  machine  can 
efficiently  excite  a  much  lower  impedance  load.  It  should  be  noted 
that  e-beam  devices  have  found  wide-spread  applications  in  the  optics 
and  semi-conductor  Industry  and  a  high  repetition  rate  machine  could 
increase  productivity  significantly. 

In  addition  to  the  proposed  modifications  and  applications, 
it  is  important  to  continue  the  investigations  for  other  liquid  dielec¬ 
trics  which  could  be  used  in  electrical  energy  storage  applications. 
An  in-depth  literature  search  could  reveal  other  liquids  whose  elec¬ 
trical  properties  suggest  that  they  might  show  Improved  operational 
characteristics  in  fast  discharge  systems  as  compared  to  the  liquids 
studied  in  this  project.  Liquids  possessing  high  dielectric  strengths 
or  larger  permittivities  than  the  liquids  studied  in  this  project  could 
Increase  the  stored  energy  density  presently  attainable,  thereby 
allowing  construction  of  smaller  and  lighter  structures  which  would 
have  the  same  output  pulse  length  and  energy  delivering  capabilities  as 
systems  using  the  more  conventional,  aforementioned  liquid  dielectrics. 

The  next  step  in  further  determining  the  capabilities  of 
liquid  dielectric  transmission  lines  for  hi-power  laser  applications 
would  be  the  construction  of  a  new  and  much  larger  transmission  line 
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system.  This  system  should  be  capable  of  delivering  20  to  30  joules  of 
energy  into  a  matched  1  ohm  load  with  current  risetimes  in  the  10  to  20 
nsec  region.  A  cooling  and  recirculation  system  for  the  liquid  dielec¬ 
tric  would  further  demonstrate  the  advantages  of  liquid  dielectrics  as 
compared  to  solid  dielectrics  in  hi-power  applications.  After  success¬ 
ful  completion  of  that  follow-on  phase,  the  device  could  be  incor¬ 
porated  into  a  laser. 


I 


I 


I 


I 


-  105  - 


t 


APPENDIX  1 


To  find  the  maximum  of  the  power  transfer  from  a  resistively 
charged  capacitor  to  a  load,  equation  (36)  Is  to  be  first  differen¬ 
tiated  with  respect  to  the  capacitance  C.  The  resulting  equation  is 
then  set  to  zero  and  the  relationship  between  C  and  R  and  T  solved  for. 
Following  this  procedure  we  have 

El  -  1/2  CV2(l-e  “t/RC  )2  (36) 

dEL/dC  -  d[AC(l-eB/c)2I 
dC 

where  A  *  V2/2  and  B  ■  -  t/R 

dEL/dC  -  d  ( (AC) ( 1-  eB/c  +  e2B/C)] 

dC~ 

dEL/dC  -  (AC)[(-  eB/C)(-B/C2)  +  ( e2B/ C) (-2B/ C2 ) ) 
+  (A)  [1-  2eB/C  +  e2®/C] 

Setting  dEL/dC  ■  0  and  solving  for  C 

0  -  OUC)[(-2  eB/C))(-B/C2)  +  (e2B/C)(-2B/C2)J 

+  (A)  1 1-2  eB/C  +  e2B/C] 

0  -  1  ♦  (-2  +  2®/C)eB/ C  +  (1  -  2B/C)e  2B/C 

Letting  x  •  eB/C,  d  »  (-2  +  2B/C)  and  H  »  (1  -  2B/C),  we  now  have 
0  -  1  +  Dx  +  Hx2 


This  equality  may  be  solved  by  the  use  of  the  binomial  theorem. 
If  x  -  1,  then  since  x  -  eB/C,  this  means  that  B  -  0.  Recalling 


that  B  -  ~t/r,  this  requires  that  either  t  ■  0  or  R  «oo.  Since 
neither  of  these  cases  is  of  practical  interest,  the  only  remain¬ 
ing  solution  is  x  ■  1-(2B/C). 

x  -  [1  -2B/CJ-1 

eB/C  -  [1  -  2B/C]  -1  or  “t/RC  -  [1  +  2t/RC]"1 

It  should  be  noted  that  the  above  expression  is  transcendental  in 
nature  and  an  exact  solution  in  terms  of  C  does  not  exist. 
Nevertheless  an  approximation  can  be  made  by  a  series  expansion  of 
e3/C 


eB/C  -  1  +  B/C  +  (B/C)2  +  (B/C)3  +  (B/C)4  +. . . 

2!  3!  41 


Using  only  the  first  four  terms  in  the  series 

eB/C  -  l  +  B/c  +  (B/C)2 
2!  6! 


et/RC  .  l  +  2t/RC  .  i  +  t/RC  +  t2/R2C2  +  t3/R3c3 

2  6 

t3/R3C3  +  t2/R2C2  -  t/RC  •  0 

g  2 

t2/R2C2  +  t/RC  -  1  -  0 
6  ~2 

Letting  x  «  t/RC 

x?  +  x_-  1  -  0 
6  2 
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Again,  te  can  solve  this  expression  by  application  of  the  binomial 

,  theorem  giving 

i 

x  *  -4.37  and  x  “  1.37 

Since  a  negative  value  of  x  can  only  correspond  to  a~negatlve  time 
period  this  case  is  of  no  Interest.  Therefore,  the  remaining 
solution  can  be  used  to  obtain  the  desired  result. 

I  x  -  t/RC  -  1.37  or  C  -  .73t/R 

* 

» 
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APPENDIX  2 


The  derivation  of  the  expression  for  the  RC  decay  constant 
of  a  TL  is  based  on  the  product  of  the  equations  for  the  resistance  and 
capacitance  of  parallel  plate  capacitor.  These  equations  can  be 
obtained  from  reference  (11)  and  the  derivation  performed  accordingly. 
From  (11)  we  have 


R  “/T)s/A  and  C  “€A/s 

Taking  the  product  RC  we  find  that  the  decay  constant  is 
independent  of  geometry  and  depends  only  upon  the  characteristics  of 
the  dielectric  itself. 


RC  -  (  s/ A) (  €:  A/s)  ■  (T\ t 
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PART  II 


PULSER  CIRCUIT  COMPUTER  MODELING 
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1.  Transmission  Line  Model 


The  transmission  line,  laser  cavity  characteristics  and  power  supply 
circuitry  can  be  modeled  as  shown  in  Fig.  1.  The  equations  below  follow 
directly  from  the  model. 


V 

o 


_1 

Cl 


i(-*,t)  dt  + 

(Power  supply) 


di (-i,t) 
“dt 


v(o,t)  =  L  d-i^.lt)  +  R  i(o,t) 
c  at  d 


+  R  i(-i,t)  +  v(-*,t) 

(Laser  gap) 


r  3v(x,t)  =  3i(x,t) 

3t  3x 

L  3i(x,t)  =  _  3v(x,t) 
3t  3x 


(Transmission  line) 


These  equations  can  be  solved  using  the  Laplace  transform  method  to  yield 
voltage  and  currents  during  the  time  the  initial  pulse  is  discharging 
through  the  laser  cavity.  The  follow-on  currents  occuring  after  the 
initial  pulse  cannot  be  conveniently  modeled  using  this  method  because  of 
the  large  number  of  terms  due  to  transmisson  line  reflections.  The 
equation  can  also  be  solved  numerically  usinq  the  Runqe-Kutta  method  to 
evaluate  the  lumped  elements.  This  method  gives  results  for  the  initial 
discharge  and  later  follow-on  conditions.  The  primary  usefulness  of  the 
Lapace  transform  method  is  as  a  check  of  the  more  general  numerical  method. 

These  two  methods  agree  very  closely  over  the  valid  range  of  the 
Laplace  Transform  method  and  diverge  thereafter.  This  indicates  that  the 
computer  code  for  the  numerical  method  is  correct  since  it  uses  the  same 
procedure  both  for  the  initial  pulse  and  the  follow-on  currents. 
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Fig.  1  Transmission  Line  Madel 


i(-fc.t) 


x  =  -i 


V0  initial  charqe  on  capacitor 

Cj  power  supply  capacitor 

Ll  Inductance  of  spark  gap  and  leads 

Rl  resistance  of  spark  gap  and  leads 

\-2  inductance  of  the  laser  cavity 

R?  resistance  of  laser  cavity 

l  transmission  line  length 

U  wave  velocity  on  transmission  line 

Zq  characteristic  impedance  of  transmission  line 

S  switch  closes  when  gap  potential  Is  reached 
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2.  Laplace  Transform  Solution 

The  equations  that  describe  the  transmission  line  can  be  transferred 
into  the  S-domain  assuminq  the  following  initial  conditions 


v  (x,o)  =  V0  (transmission  line  initially  charged) 

i  (x,o)  =  0  (currents  are  small  on  the  transmission 

i'(x,o)  =0  line  until  the  gap  fires  at  t  =  o) 

The  transformed  equations  are: 

^  ( ~  +  SLj  +  RJ  I(-l,s)  +  V(-A,s) 

V(o,s)  =  (SL2  +  R2)  I(o,s) 

.  0 

3x  1  IT 


and 


SCV(^,s)  -  CV  =  - 

o  3x 


where 


U  »  (LC)-l/2 

The  transmission  line  equation  can  be  solved  to  obtain: 

I(x,s)  *  A^(s)  eSx/U  +  Ag( s)  e'Sx/U 

and 

V(x,s)  -  \  -  Z  A  (s)eSx/U  +  Z  A  (s)  e'Sx/U 
sol  o  2 


» 
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In  order  to  invert  these  equations  into  the  time  domain  it  is 
necessary  to  limit  the  infinite  series  to  the  zeroth  and  first  terms.  This 
limits  the  ranqe  of  validity  of  the  method,  but  It  does  give  a  good  check 
for  the  numerical  method. 

The  rising  current  wave  in  the  gap  is  found  to  be: 
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1(o,t)  =_ - _ (1  -  e  -(R2+Z0)t/L2) 


R2  +  Zo 


The  voltage  across  the  driving  capacitor  is 


v  (t)  = -  (a  sin  px  -  p  cos  px) 

c  p 


where 


. .  Ri  *  zo  i  ,Ri  *  zo,2,i n 

a  a  •*  rr'(-a— 1 1 1 


3.  Numerical  Solution 


The  system  equations  can  be  solved  numerically  by  dividing  the 
transmission  line  into  segnents  to  represent  the  distance  variation  along 
the  line  and  solving  the  boundry  condition  equations  using  Runge-Kutta. 

Two  arrays,  each  1024  segments  long,  model  the  transmission  line.  The 
arrays  contain  the  forward  and  backward  traveling  voltage  distribution 
X  PUIS  and  X  MINUS  respectively.  The  time  delay  due  to  the  transmission 
line  Is  modeled  by  shifting  the  values  In  the  array  elements  at  each  time 
Increment.  The  voltage  at  any  point  along  the  line  is  the  sum  of  the 
forward  and  backward  waves.  A  block  representation  of  the  numerical  method 
is  shown  below. 


i 


I 


X  PLUS  * 


power  supply 

+  d 

U 

d  .. 

.  d 

d 

d. 

Laser  gap 

equations 

1 

2 

3 

1022 

1023 

1024 

equations 

Runqe-Kutta 

♦  D 

d 

d  - 

•  d 

d 

d* 

Runqe-Kutta 

1024 

1023 

1022 

3 

2 

1 

*  X  MINUS  ♦ 


To  initialize  the  system  each  element  in  X  PLUS  and  X  MINUS  is  set  to 
Vg.  At  each  time  increment  the  values  in  X  MINUS  are  shifted  one  cell 
left  while  X  MINUS  (1)  is  determined  by  the  laser  gap  equations  using  X 
PLUS  (1024)  as  an  input  voltage.  X  PLUS  is  determined  similarly  from  the 
power  supply  equations. 


To  facilitate  solutions  state  equations  are  generated  from  the  boundary 
condition  equations. 


» 


I 


1  y  ^lx  V(t,t) 

4°!  1  L1  2  4 


!£x  *  v(°>t; 

4  3  4 


where 


I(o,t)  -  x3 

I(*,t)  *  x? 

Xl 

V  (t)  *  — -  (capacitor  voltage) 

t  L 
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Standard  first  and  second  order  Runqe-Kutta  methods  are  used  to  solve  these 
eauations  for  each  time  increment  or  data  shift  on  the  transmission  line. 

4.  Numerical  Results 

Both  the  Laplace  transform  method  and  the  numerical  method  resuHs 
were  tabulated  on  a  computer.  A  plot  (Figure  2)  comparing  the  current  in 
the  gap  computed  by  the  two  methods  shows  very  good  agreement  for  the  time 
interval  when  the  Laplace  method  is  valid.  After  that  time  the  methods 
diverge  as  they  should.  This  comparison  shows  that  the  numerical  method  is 
working  properly  since  the  same  method  of  solution  is  used  for  the  initial 
pulse  and  the  follow-on  currents. 

The  two  primary  results  that  can  be  obtained  from  the  numerical 
method  are  the  current  in  the  laser  gap  and  the  voltage  across  the  power 
supply  capacitor.  The  current  in  the  gap  is  found  to  be  a  good  current 
pulse  with  fast  rise  and  fall  times  during  the  initial  phase  of  breakdown 
(see  Fiq.  3).  The  follow-on  currents  are  also  large  indicating  a  large 
amount  of  enerqy  is  dissipated  in  the  system  after  the  initial  pulse.  This 
limits  the  efficiency  of  the  system.  The  capacitor  voltage  is  found  to 
oscillate  with  large  positive  and  negative  peak  voltages  (see  the  computer 
printout  results).  This  indicates  that  the  capacitor  is  highly  stressed, 
resulting  in  a  short  lifetime. 

5.  Limitations  of  the  Present  Model 

The  transmission  line  model  developed  for  analytically  studyinq  the 
electrical  characteristics  of  a  liquid  dielectric  filled  transmission  line 


is  a  useful,  but  somewhat  limited  computer  tool.  The  model  as  it  stands 
can  very  accurately  predict  output  current  and  voltaqe  waveform  shapes  for 
the  circuit  which  is  beinq  modelled.  Thus,  it  models  well  the 
circuit  that  was  actually  tested.  Unfortunately  other  circuit 
confiqurations  which  include  an  additional  switch  between  the  source 
capacitance  and  the  transmission  line  are  more  appropriate  to  the  eventual 
practical  application  of  this  type  of  fast  discharge  curcuitry.  This 
additional  switch  would  allow  for  decoupling  the  source  capacitance  from 
the  transmission  line,  thereby  eliminating  any  unwanted  and  late  energy 
delivery  from  the  source  capacitance  to  the  laser  load  once  the 
transmission  line  has  been  discharged  into  the  laser  load.  The  present 
model  was  of  course  most  useful  in  studying  this  problem.  It  should  be 
possible  to  Improve  this  model  by  applying  the  appropriate  time  constraints 
on  the  value  of  Rj,  the  resistance  of  the  spark  gap  on  the  charginq  end 
of  the  transmission  line  circuit.  If  Rj  were  to  go  to  infinity  at  the 
same  instant  the  the  output  switch  S  closes  this  would  effectively  decouple 
the  source  capacitor  and  transmission  line.  If  the  modification  to  the 
model  and  computer  proqram  were  effected,  it  would  be  a  much  more  powerful 
tool  for  use  in  analytical  studies  of  this  type  of  fast  discharge 
circuitry.  Modification  of  the  model  or  of  the  laboratory  was  far  beyond 
the  scope  of  the  study  reported  here. 
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Test  cast  comparison  of  Laplace  and  numerical  solutions 


rrent  output 


LIST  TRANS 
PASSWORD  -  TRANS  ? 

irKflBHifiaievKB* _ 


lOOOC 

1010Q _ 

1020C 

1030C 

1040C 

1050 

1060 

1070 _ 

1080 

1090C 

1100C 

1110 

1120 

1130 _ 

1140 

1150 

1160C _ 

1170C 

1180 

1190 _ 

1200 

1210 

1220 _ 

1230C 
1240C 
1250 
1260 
1270 
1280 
1290  10 
1300C 

1310C _ 

1320 

1330 

1340 

1350 

1360 

1370 _ 

1380 

1390 

1400 _ 

1410 

1420C 

1430C 

1440 

1450 


THIS  PROGRAM  CALCULATES  TRANSIENT  CURRENTS  AND 

VOLTAGES  ON  A  TRANSMISSION  LINE*  _ 

MOD  1.0 


INITIALIZATION _ 

DIMENSION  FPLUS< 1000) ,FMINUS( 1000) 
REAL  LI, L2, LENGTH, LO 
COMMON  R1 ,L1 ,C1 ,R2,L2 ,VEND1,V£ND2 
EXTERNAL  F1,F2,F3 


TERMINATION  CIRCUIT  PARAMETERS 

ri=.oi  _ ,  -7 


Cl= ♦ 015E-6 


R2=l » 

■  C-Q_ 


3  x  /  a 


..  n 


/  d  <Tu  3 


TRANSMISSION  LINE  PARAMETERS 
LENGTH  =1.  /X/  t  *-  <? 

L 0  ■  1  > 9 70  r  —  3  •  (O 

l&z.  X/cT7  • 


Co 


grag  7  - 

Z0=S0RT  <L0/C0) 
VEL=1./SQRT(L0*C0) 


TRANSMISSION  LINE  INITIALIZATION 

00=8000  ♦ _ _ 

DO  10  1=1,1000 
FFLUS ( I ) =V0/2 . 

FMINUS<I) =00/2  ♦ _ 

CONTINUE 


TIME  AND  INCREMENT  SET _ __ 

PRINT, "NUMBER  OF  SEGMENTS" 

READ, ISEG 

PRINT, "OUTFUT  EVERY  NTH  POINT.  N=?" 

READ,  NN 

N=0 

PRINT,  "MAXIMUM  TIME" _ _ 

READ, TMAX 
T0=0, 

H=LENGTH/FLOAT ( ISEG ) /VEL _ 

TN=TO+H 

INITIALIZE  STATE  VARIABLES _ _ 

X10=-V0*C1 
X20=0 . 


1460_ _ X30=0. _ _ _ _ _ 

1470C 

1480C  PRINT  HEADING 

1490 _ WRITE  (6,1000) _ ; _ 

1500  1000  FORMAT*////, 6X» "TIME", 9X, "CAP  VOLTAGE" ,5X, "CURRENT  1*,7X,"CURF 

1510  VC=-X10/C1 

1520 _  _ WRITE(6_,10_10J_I0,VC,X20,X30 

1530  1010  FORMAT (4E16.6) 

1540C 

1550C  _ _ 

1560C  CALCULATE  TRANSMISSION  LINE  VOLTAGE 

1570C  VEND1* VOLTAGE  AT  DRIVING  END 


1580C  VEND2* VOLTAGE  AT  LOAD 


• , 

1600 

1610C 

1620C 

1630C 

1640C 

VEND2  =  FMINUS( ISEG)+FPLUS< 1 ) 

CALCULATE  CURRENTS  IN  TERMINATION  CIRCUITS 

DRIVING  END  (1) 

X1=V0LTAGE  ACROSS  CAPACITOR 

16S0C 

X2=CURRENT  THROUGH  CAPACITOR 

1660 

CALL  RUKU2(XlN*X2NrX10fX20rFl»F2»TN»T0> 

1670C 

LOAD  END  (2) 

1680C 

X3=CURRENT  IN  LOAD 

1690 

CALL  RUKU1 <X3N»  X30  r F3 » TNrTO) 

1700C 

1710C 

PRINT  RESULTS 

1720 

VC=-X1N/C1 

1730 

N=N+1 

I 

1740 

NNN=MOD<N»NN> 

1750 

IF (NNN  .EQ.  0)  WRITE(6r 1010)  TNf VC,X2N, X3N 

1760C 

1770C 

CALCULATE  FPLUS  AND  FMINUS 

1780 

FINP*FMINUS< 1 >+Z0*X2N 

1790 

FINM=FPLUS ( 1 ) -Z0*X3N 

1800C 

181 OC 

SHIFT  TRANSMISSION  LINE 

1820 

DO  200  1=1 » ISEG-1 

1830 

FPLUSCI ) “FPLUS C I +1 ) 

1840 

FMlHUSa>=PMINUSmi> 

1850  200 

CONTINUE 

1860 

FPLUS< ISEG)=FINP 

1870 

FMINUS< ISEG)=FINM 

.i 

1880C 

1890C 

ITERATE  VOLTAGE »  CURRENT »  TIME 

1900 

X10=X1N  :  I 

1910 

X20»X2N 

■  ■* 

1920 

X30=X3N 

•i 

1930 

TO=TN 

1940 

TN=TO+H 

1950C 

•  *  -:v  v  •  /  •  •••...  •  . 

1960C 

CHECK  FOR  TMAX 

1970 

IF(TN  .LE«r  TMAX)  GO  TO  100 

1980 

STOP 

1990 

END 

2000C 

2010 

FUNCTION  Fl<T»XlrX2) 

2020 

REAL  L1*L2 

2030 

_  COMMON  Rl f LI f Cl f R2r L2f VENDl rVEND2 

l' 

2040 

F1=X2 

'n 
i  1 

2050 

RETURN 

4. 

2060 

end 

-t  i 

2070 

FUNCTION  F2<Tf XI » X2) 

44, 

2080 

REAL  L1»L2 

si 

2090 

r-n  Wi’J  4 !  1  *  i  HJJ  4 l 1 

2100 

F2  =  -(X1/C1+R1*X2+VEND1 >/Ll 

2110 

RETURN 

f* 

2120 

END 

2130 

FUNCTION  F3<T »X3> 

2140 

REAL  LI »L2 

2150 

2160 

F3  *  <-R2*X3+VEND2)/L2 

2170 

RETURN 

2180 

END 

2190 

SUBROUTINE  RUKUi <WNrHO»F»TN»TO> 

2200C 
221  Q_ 
2220 
2230 


RUNGE-KUTTA  FIRST  ORDER  EQUATION 
_REAI»J5.1j?.K2 , K3j K%__i 

H  -  TN-TO  - 

K1  -  F(TO'MO)$H 


K2  ■  F<TOtH/2..»M04lti/f*Vi** 


3  - 

*  ,i>' 


2250 

2260 

2270 

2280 

2290 

2300 

2310C 

2320C 

-2J30£L 

2340C 

2350C 

2360C 

2370C 

2380 

2390 


2400 

2410 

2420 

2430 

2440 

2450 

2460 

2470 

2480 

2490 

2500 

2510 


K3 .  =  F ( TOTH/2 . , W0TK2/2 . 3  *H .  .  _ 

K4  =  F(T0TH»U0TK3>*H 

WN  =  W0T<MT2.*K2T2.*K3TK4>/6. 

RETURN 

END 

_SUBRDUTJ  NE_BUKU2  <  W 1 N  ,_W2N  f  W 1 0  *  W2 0 *  F 1  ,F2  r  TN  r  TO )  . 
RUNGE-KUTTA  SECOND  ORDER  EQUATION 

U1N  AND  U2N  ARE  THE  NEU  _UALU£S_JD-JBE -CALCULATED 

W10  AND  U20  ARE  THE  OLD  VALUES 

TN=TOTH 

—FI,  AND  F2  ARE  THE  FUNCTIONS  FROM  THE  DECKS 

REAL  Kll»K12»K13fK14,K21^K22rK23fK24 
H=TN-TO 


Kll  =  F1<T0>U10)>W20>#H 
K21  =  F2<T0rU10,W20)*H 

K12  =  FI  < T0TH/2.  »U10TMl/2.  >U201K21/2.  ? *H _ 

K22  *  F2<T0+H/2. rUlO+KU/2* »W20+K21/2. >*H 
M3  «  FI <T0+H/2«  rW10+K12/2*  » W2QTK22/2. )#H 

K23  ~  F2 (TQTH/2 ,  rM10TM2/2 ,  r  U20TK22/2 ♦  > *H _ 

K14  =  F1<T0TH,W10TM3,W20TK23)*H 
K24  =  F2<T0+H,U10TM3,W20TK23)*H 

U1N  =  U10  4-  (M1T2.&M2T2.&M  3  IK  1 4  3/6 . _ _ 

W2N  =  U20  +  <K21+2**K22T2.#K23+K24>/6. 

RETURN 


I 


LIST  LAP 


1000C 

1010C 

THIS  PROGRAM  CALCULATES  TRANSIENT  CURRENTS  AND 

VOLTAGES  ON  A  TRANSMISSION  LINE  USING  LAPLACE  TRANSFORM. 

1020 

1030 

1040C 

REAL  LI, L2, LENGTH, LO 

REAL  I, IR, IF, 11, 121, 12, 131, 13, 141, 14 

1050C 

1060 

TERMINATION  CIRCUIT  PARAMETERS 
&i=»01 

1070 

cn^i2.E-9^  yr 

1030 

Cl= .015E-6  •  * 

1090 

R2=l. 

1100 

rL2=10,E-9’.'> 

1110C 

1120C 

TRANSMISSION  LINE  PARAMETERS 

1130 

LENGTH  =1. 

1140 

L0=1 . 97E -9 

1150 

C0=2 . 5E-7 

» 


» 


I 


I 


I 


.1 160 _ Z0=SQRT  (L0/C0) _ 

1170  VEL«1./SQRT<L0*C0) 

1180  TREF  ■  LENGTH/VEL*2. 

1190C _ _ 

1200C  TRANSMISSION  LINE  INITIALIZATION 

1210  00-8000 » 

.  1220C _ 

1230C  TIME  AND  INCREMENT  SET 

1240  PRINT ,  ' NUMBER  OF  SEGMENTS'  . 

125Q _ READfISEG _ _ _ 

1260  PRINT, 'OUTPUT  EVERY  NTH  POINT «  N=?' 

1270  READ,  NN 

1290 _  PRINT, 'MAXIMUM  TIME' _ _  _ 

1300  READ,TMAX 

1310  T  =  0. 

1 320 . H=LENGTH/FLQAT<ISEG)/UEL _ 

1330C  CALCULATES  RISE  AND  FALL  WAVEFORMS 

1340  100  IR  =  V0/<R2+Z0>*<1.-EXP<-(R2+Z0)/L2#T) ) 

1350 _ I  =  IR  _ _____ _ 2 _ _ 

1360  IF(T  .LT,  TREF)  GO  TO  400 

1370  T=T-TREF 

1380 _ A1=(R1-Z0)/L1 _ _ _ _ _ _ 

1390  A0=1 ./Ll/Cl 

1400  C=<R2+Z0)/L2 

1410 _ B=  < Rl+ZO ) /2 . /L 1 _  _  _____  _ 

1420  U-SQRT ( 1 ♦ /Ll/Cl- (Rl+ZO) **2/(4 . *L1*L1 > ) 

1460  D1=B*B+W*W 

1470 _ D2»(B-C)*<B-C)+W*W  _  _  _ _ 

1475  B3=(B-C)*<B-C)  W*W 

1480  II  =  A0/<C*C*D1)*<1 ,-EXP< -B*T ) * (COS < W*T ) iB/W*SIN( W*T ) ) ) 

1490 _ 121  =  <1.-A0/(C*C))/D2  __ _ • _ _ 

1500  12  *  1214 ( EXP ( -C#T ) -EXP  ( -B*T )  *  ( COS ( W*T  >  K B-C ) /W*SIN( W*T ) ) ) 

1510  131  «  < C-Al +AO/C ) *2 . *  <  B-C ) / < D24D2 ) 

1520 _ I3_^  131* ( EXP  < -C*T ) -EXP  t -B*T ) * < COS ( W*T ) 1D3/ ( 2 , *W*  CB-C) )*SIN(U< 

1530  14  -  -<C-A1+a“6/C>/D2*T#EXP(-C*T) 

1540  IFss~2.  *VO*ZO/  <L2*L2)  #  (I1  +  I2+I3+I4) 

1550__  _  _  _T=»_T+TREF_ _ 

1560  I-I+IF 

1590  400  URITE(6,1000)  T,I,IR,IF 

1600  1000  _ F0RMAT<4£16,6> 

1610  T  -  T+H*NN  . 

1620  IF(T  .GT ♦  TMAX)  STOP 

1630  ■  GO  TO  100 


♦LIST  TRANS 
PASSWORD  -  TRANS  ? 


lOOOC 
1010C 
1020C 
1030C 
1040C 
1050 
1060 
1070 
1080 
10S0C 
1100C 
1110 
1120 
1130 
1140 
1150 
HBOC 
1170C 
1180 
1180 
1200 
1210 
1220 
1230C 
1240C 
1250 
1260 
1270 
1280 
1280  10 
1300C 
1310C 
1320 
1330 
1340 
1350 
1360 
1370 
1380 
1380 
1400 
1410 
1420C 
1430C 
1440 
1450 
1460 
1470C 
1480C 
1480 

1500  1000 

1510 

1520 

1530  1010 

1540C 

1550C 

1580C 

1S70C 

1580C 

1590  100 


THIS  PROGRAM  CALCULATES  TRANSIENT  CURRENTS  AND 
VOLTAGES  ON  A  TRANSMISSION  LINE. 

MOD  1.0 

INITIALIZATION 

DIMENSION  FPLUS(IOOO) ,FMINUS< 1000) 

REAL  L 1  *  L2  r  LENGTH » LO 

COMMON  R 1 , L 1 , C 1 , R2 , L2 , VEND 1 , VEND2 

EXTERNAL.  FI » F2 , F3 

TERMINATION  CIRCUIT  PARAMETERS 

R1-.01 

L1-3.E-7 

C1-.015E-6 

R2*  1  . 

L2-20.E-S 

TRANSMISSION  LINE  PARAMETERS 
LENGTH  «1. 

L0-1.32E-7 
C0-3.53E-S 
ZO-SGRT ( LO/CO ) 

VEL-1./SGRT<L0#C0> 

TRANSMISSION  LINE  INITIALIZATION 
00*8000. 

DO  10  1-1,1000 
FPLUS ( I ) -VO/2 . 

FMINUS< I ) -MO/2 . 

CONTINUE 


TIME  AND  INCREMENT  SET 
PRINT, "NUMBER  OF  SEGMENTS" 
READ, ISEG 

PRINT, "OUTPUT  EVERY  NTH  POINT. 

READ,  NN 

N-0 

PRINT, "MAXIMUM  TIME" 

READ , TMAX 
TO-O. 

H-LENGTH/FLOAT ( ISEG ) /VEL 
TN-TO+H 


N-?" 


INITIALIZE  STATE  VARIABLES 

X10— V0#C1 

X20-0. 

X30-0. 

PRINT  HEADING 
WRITE(6, 1000) 

FORMAT (////, BX, "TIME" ,9X, "CAP  VOLTAGE" ,5X, "CURRENT  1 " , 7X» "CURREN* 
VC— X10/C1 

HRITE(S, 1010)  TO , VC , X20 , X30 
FORMAT ( 4E 1 6 . 8 ) 


CALCULATE  TRAN8MI88I0N  LINE  VOLTAGE 
VEND1 -VOLTAGE  AT  DRIVING  END 
VEND2-V0LTAGE  AT  LOAD 
VEND1  »  FPLUS ( ISEG >+FM I NU8( 1 ) 


1600  VEND2  -  FMINUS( ISEG)+FPLUS( 1 ) 

16 10C 

1620C  CALCULATE  CURRENTS  IN  TERMINATION  CIRCUITS 


1630C  DRIVING  END  (1) 

1640C  XI -VOLTAGE  ACROSS  CAPACITOR 

1650C  X2-CURRENT  THROUGH  CAPACITOR 

1660  CALL  RUKU2<X1N,X2N,X10,X20,F1 ,F2,TN.T0> 

1670C  LOAD  END  (2) 

1680C  X3 -CURRENT  IN  LOAD 

1690  CALL  RUKU 1 ( X3N  » X30 , F3 » TN » TO ) 

1700C 

171 OC  PRINT  RESULTS 

1720  VC— X1N/C1 


1730  N-N+l 

1740  _  NNN-MOD(NfNN) 

1750  IF(NNN  .EG.  0)  WRITE(6, 1010)  TN , VC . X2N , X3N 

1760C 

1770C  _  CALCULATE  FPLUS  AND  FMINUS 

1780  FINP-FMINUS(1)+Z0*X2N 

1790  FINM-FPLUS ( 1 )— Z0*X3N 

1800C 

18 IOC  SHIFT  TRANSMISSION  LINE 

1820  DO  200  1*1 » ISEG-1 

1830  .FPLUS ( I ) -FPLUS (1+1) 

1840  FMINUS( I ) -FMINUS< 1+1 ) 

1850  200  CONTINUE 

1860  FPLUS (ISEG)-FINP 

1870  FMINUS( ISEG) -FINM 

1 880C 

1890C  ITERATE  VOLTAGE,  CURRENT,  TIME 

1900  X10-X1N 

1810  X20-X2N 

1920  X30-X3N 

1930  TO-TN 

1840  TN-TO+H 

1950C 

1960C  CHECK  FOR  TMAX 

1970  IF ( TN  .LE.  TMAX)  GO  TO  100 


1980  STOP 

1990  END 

2000C 

2010  FUNCTION  F1(T,X1,X2) 

2020  REAL  L1,L2 

2030  COMMON  R1 ,L1 ,C1 ,R2,LZ,VEND1 ,VEND2 

2040  _  _  FI-X2 

2050 
2060 
2070 
2080 
2090 
2100 
2110 
2120 
2130 
2140 
2150 
2180 
'2170 
2180 
2180 

2200C  RUNOE-KUTTA  FIRST  ORDER  EQUATION 

2210  REAL  K1 ,K2,K3,K4 

2220  H  •  TN-TO  ***• 

2230  K1  •  F(TO,HO)*H 

2240  K2  -  F<TCM-H/2.  ,W0+Kl/2.  >*H 


RETURN 

END 

FUNCTION  F2<T , XI , X2) 

REAL  Ll ,L2 

COMMON  R 1 , L 1  *  C 1 , R2 , L2 , VEND 1 , VEND2 
F2  -  -<X1/C1+R1*X2+VEND1 )/Ll 
*“  RETURN 
END 

FUNCTION  F3(T»X3) 

REAL  L1,L2 

COMMON  R1,L1.C1,R2,L2, VEND 1 , VEND2 
F 3  -  <-R2*X3«-VEND2)/L2 
RETURN  - 
END 

SUBROUTINE  RUKU1 (UN,UO,F , TN,TO) 


K3  -  F(T0+H/2.  ,MPHIt/2.  >«M 


I  2260 

2270 
2260 
2260 
2300 
23 10C 
»  2320C 

2330C 
2340C 
2350C 
2360C 
2370C 
»  2380 

2390 
2400 
2410 
2420 
2430 
>  2440 

2450 
2460 
2470 
2480 
2490 
2500 
2510 


K4  «  F(TQ+H»M0+K3)*H 

UN  ■  M0+<K1+2.*K2+2.*K3+K4)/G. 

RETURN 

END 

SUBROUTINE  RUKU2(W1N,M2N,W10,U20,F1 ,F2,TN,T0> 
RUNGE-KUTTA  SECOND  ORDER  EQUATION 

U1N  AND  U2N  ARE  THE  NEW  VALUES  TO  BE  CALCULATED 

M10  AND  M20  ARE  THE  OLD  VALUES 

TN-TO+H 

FI  AND  F2  ARE  THE  FUNCTIONS  FROM  THE  DEG'S 

REAL  KllrK12rK13rK14tK21rK22rK23rK24 
H-TN-TO 

Kll  -  FI (TOrWIOr W20)*H 
K21  -  F2 ( TO » W1 0  » W20 ) #H 

K12  -  FKTO+H/2.  ,W10+Kll/2.  .W20+K21/2.  )*H 

K22  »  F21T0+H/2. rU10+Kll/2. .H20+K21/2. )*H 

K 13  -  Fl (TO+H/2. ,W10+K12/2. .U20+K22/2. >*H 

K23  -  F2(T0+H/2. .U10+K12/2. .H20+K22/2. )*H 

K14  »  Fl (T0+H>U10+K13rU2Q+K23)*H 

K24  «  F2 < TO+H  t  W 1 0+K 1 3 » M20+K23 ) *H 

U1N  ■  U10  +  <Kll+2.*K12+2.*K13+K14)/6. 

U2N  ■  U20  +  <K21+2.*K22+2.*K23+K24) /6. 

RETURN 

END 


1 


4 


RUN 

NUMBER  OF  SEGMENTS 

■>  =50 _ _ _ 

OUTPUT  EVERY  NTH  POINT  «  N=? 

=10 

Jl  MAXIMUM_TIME _ _ 


4 

1 

1. 

1  1 
! 

j 

11 

r: 

-IE-6 

TIME 

CAP  VOLTAGE 

CURRENT  1 

CURRENT  2 

0. 

0.431722E-08 

0 . 800000E 
0.800000E 

o  o 

0. 

0. 

0. 

03 

r 

0.863444E-08 

0.800000E 

04 

0. 

0. 108274E 

04 

14 , 

0. 129517E-07 

0.800000E 

04 

0. 

0. 111637E 

04 

0.800000E 

04 

0. 

[»* 

| 

0.215861E-07 

0 . 800000E 

04 

0. 

0. 112408E 

04 

r 

0.259033E-07 

0.798936E 

04 

0 • 978313E 

02 

0. 112432E 

04 

0.302206E-07 

0 . 793798E 

04 

0.261540E 

03 

0. 112437E 

04 

0.345378E-07 

0*783899E 

04 

0.424684E 

03 

0. 112438E 

04 

|,*ol 

0.388550E-07 

0.769478E 

04 

0 • 575076E 

03 

0. 112438E 

04 

h 

0 ♦ 431722E-07 

0.750936E 

04 

0.710967E 

03 

0.112438E 

04 

0*474894E-07 

0. 72S689E 

04 

0.832618E 

03 

0.249667E 

03 

r'1 

0.518067E-07 

0 . 703139E 

04 

0.940667E 

03 

-0. 208696E 

03 

1*4, 

'  0.561239E-07 

0.674666E 

04 

0 . 103582E 

04 

-0. 163239E 

03 

!- 

!  0.604411E-07 

0.6 43631E 

04 

0. 111879E 

04 

0.428403E 

02 

::ii 

| 

0.647583E-07 

0.610375E 

04 

0.119028E 

04 

0.275052E 

03 

—  IIMM  '  ■ 

04 

I7B 

mm 

03 

i  0.733928E-07 

0.537967E 

04 

0 • 12685 IE 

04 

0.694294E 

03 

i 

!  0. 777100E-07 

0.502189E 

04 

0.121527E 

04 

0.871215E 

03 

,ui 

0.820272E-07 

0.467998E 

04 

0. 116245E 

04 

0. 102661E 

04 

r 

0 . 863444E-07 

0. 435134E 

04 

0. 1 12386E 

04 

0. 116156E 

04 

!  0.90A617E-07 

0.403154E 

04 

0. 110089E 

04 

0. 114273E 

04 

1,1 

0 « 949789E-07 

0.371632E 

04 

0.109157E 

04 

0. 187046E 

04 

0.992961E-07 

0.340213E 

04 

0. 109331E 

04 

0.223304E 

04 

0.103613E-06 

0.308615E 

04 

0.110358E 

04 

0.219669E 

04 

0 . 107931E-06 

0.27A628E 

04 

0. 112005E 

04 

0.200475E 

04 

J 

0.112248E-06 

0.243967E 

04 

0. 1 13795E 

04 

0. 178991E 

04 

,  0.116565E-06 

0.211358E 

04 

0. 113638E 

04 

0. 159814E 

04 

0. 120882E-06 

0. 177939E 

04 

0. 119392E 

04 

0. 143990E 

04 

10 

0« 125199E-06 

0 . 142406E 

04 

0. 127543E 

04 

0.131429E 

04 

i"; 

0.1 2951 7E-06 

0.104646E 

04 

0. 134489E 

04 

0.121740E 

04 

r' 

0.133834E-06 

0.652320E 

03 

0.138960E 

04 

0. 124738E 

04 

H.» 

0.138151E-06 

0.249001E 

03 

0. 140910E 

04 

0. 123690E 

04 

f" 

0.142468E-06 

-0. 156717E 

03 

0.140697E 

04 

0.763430E 

03 

0.146786E-06 

-0.559220E  03 

0 • 138746E 

04 

0.546377E 

03 

46 

0 . 151 103E-06 

-0.954090E 

03 

0.135453E 

04 

0.632379E 

03 

1 

0. 155420E-06 

-0.133801E 

04 

0.130281E 

04 

0.840985E 

03 

ifl 

0. 159737E-06 

-0 » 170636E 

04 

0 . 126528E 

04 

0. 105076E 

04 

I’l 

0, 1A4054E-06 

-0.206648E 

04 

0. 123066E 

04 

0. 121457E 

04 

|  0.168372E-06 

-0.241028E 

04 

0. 115224E 

04 

0. 132307E 

04 

5»i 

0. 172689E -06 

-0.272788E 

04 

0.105428E 

04 

0. 138077E 

04 

k.»| 

f  ! 

0. 177006E-06 

-0.301803E 

04 

0 . 964620E 

03 

0. 151735E 

04 

0. 181323E-06 

-0.328501E 

04 

0.893927E 

03 

0. 124178E 

04 

i 

0.185A41E-06 

-0.353439E 

04 

0.841744E 

03 

0. 119A73E 

04 

i 

0. 18995BE-06 

-0.377089E 

04 

0.803541E 

03 

0. 144443E 

04 

‘iti 

1  0.194273E-06 

-0.399779E 

04 

0.774221E 

03 

0. 150820E 

04 

0. 198592E-06 

-0.421661E 

04 

0.742736E 

03 

0. 133706E 

04 

0.202909E-06 

-0.442946E 

04 

0.736744E 

03 

0. 106663E 

04 

0.207227E-06 

-0.463668E 

04 

0.696963E 

03 

0.803156E 

03 

0.211544E-0A  -0.483019E  04  0.651247E  03  0.590860E  03 


RUN 

NUMBER  OF  SEGMENTS 

=50 _ 

OUTPUT  EVERY  NTH  POINT.  N=? 
=2 

MAXIMUM  TIME _ 

=  lE-6 


1 

2  ■ 

1  me. 

0. 

0 . 863444E-09 

LHr  VUL  1  riUC 

0.800000E 
0 . 800000E 

04 

04 

_ A _ 

0, 

0. 

_bUCUSbll.I _ 1. _ 

0, 

0.3, 1.57  l.?E_ 

03 

J'i 

0. 172689E-08 

0.800000E 

04 

0. 

0 . 542787E 

03 

0.259033E-08 

0.800000E 

04 

0. 

0 . 706094E 

03 

I 

O.345378E-08 

-  0.800000E 

04 

0. 

0. 823546E 

03 

"I 

0 . 431722E-08 

0.800000E 

04 

0. 

0.908018E 

03  " 

t 

0.5180&7E-08 

0 . 800000E 

04 

0. 

0 . 968771E 

03 

,£l 

0 » 60441 IE-08 

0.800000E 

04 

0. 

0.101246E 

04 

0.690755E-08 

0.800000E 

04 

0. 

0, 104389E 

04 

:cf 

0.777100E-08 

0.800000E 

04 

0. 

0 . 106649E 

04 

0 . 863444E-08 

o.aoooooE 

04 

0. 

0. 108274E 

04 

j - 

*■* 

0.949789E-08 

0.800000E 

04 

0. 

0.109444E 

04 

f- 

0 . 103613E-07 

0.800000E 

04 

0. 

0.110284E 

04 

‘  *. 

0. 112248E-07 

0 . 800000E 

04 

0. 

0.1 10889E 

04 

2’ 

0 . 120882E-07 

0.800000E 

04 

0. 

0. 111324E 

04 

' 

0.129517E -07 

O.SOOOOOE 

04 

0. 

0. 111637E 

04 

*  , 

0. 138151E-07 

0.800000E 

04 

0. 

0. 111862E 

04 

- 

0 . 14A786E-07 

0.800000E 

04 

0. 

0.112023E 

04 

0 . 155420E-07 

0.800000E 

04 

0. 

0 . 1 12140E 

04 

,3i 

0 . 164054E-07 

0.800000E 

04 

0. 

0. 112223E 

04 

0.172689E-07 

0 . 800000E 

04 

0. 

0. 1 12284E 

04 

i.; 

0. 181323E-07 

0.800000E 

04 

0. 

0. 112327E 

04 

0. 189958E-07 

0.800000E 

04 

0, 

^  0.112358E  Q4 

3;, 

0. 198592E-07 

0 . 800000E 

04 

0, 

0.112380E 

04 

35| 

0.207227E-07 

0.800000E 

04 

0, 

0 . 1 12397E 

04 

36 

0.215861E-07 

0 . 800000E 

04 

0. 

0. 112408E 

04 

, 

0 « 224496E-07 

0.7999S7E 

04 

0, 577J69E 

01 

0.112416E 

04 

0.233130E-07 

0.799913E 

04 

0.208846E 

02 

0.112422E 

04 

0.241764^07 

0.799733E 

04 

0.425205E 

,02__ 

0.11 242 7E 

04 

0.250399E-07 

0.799414E 

04 

0.686543E 

02 

0.112430E 

04 

0.259033E-07 

0 . 798936E 

04 

0.978313E 

02 

0.112432E 

04 

k 

0.267668E-07 

0.7982S4E 

04 

0 . 129007E 

03 

0 . 1 12434E 

04 

0 » 276302E-07 

0.797448E 

04 

0 . 161431E 

03 

0. 112435E 

04 

0.284937E-07 

0.796424E 

04 

0. 194566E 

03 

0, 112436E 

04 

-- 

0.293571E-07 

-  0»7952Q7E 

04 

0. 228028E 

03 

0 . 112436E 

04 

_ _ _ _ _ _ _ _ 

0.302206E- 

0.310840E- 

0.319474E- 


07  0. 793798E  04 
07  0 . 792197E  04 
07  0 ♦ 790404E  04 


0.261540E  03 
0.294908E  03 
0 ♦ 327991E  03 


0.328109E- 

0.33A743E- 

0.345378E- 


07  0.788421E  04 
07  0.786252E  04 
07  0. 783899E  04 


0.360690E  03 
0.392938E  03 


0 • 1 12437E  04 
0 . 1 12437E  04 
_0_.  1JL2437E  j04 
0. 112437E  04 
0. 112438E  04 
0.112438E  04 


0.354012E- 
0.362647E 
0. 

0.379916E- 
0.388550E- 
0.397184E- 
0. 40581 9E- 
0.414453E- 
0.423088E 


07  0. 781364E  04 

07  0.778651E  04 

04 

07  0.772705E  04 

07  0.769478E  04 

07 _ 0._7$6085E  04 

0 . 762532E  04 
0.758820E  04 
0. 754954E  04 


07 
07  ( 

9^ 


0. 455897E  03 
0.486554E  03 
Ot_5lAA41E„03 
0.546150E  03 
0.575076E  03 
0.603417E  03 
0.631174E  03 
0.658350E  03 
0.684946E  03 


0 .  1 12438E  04 
0. 112438E  04 
Q.  1_12438E  _04 
0.112438E  04 
0. 112438E  04 
0. 112438E  04 
0.U2438E  04 
0. 112438E  04 
0 » 1 12438E  04 


0.431722E-Q7 

_ 0.*_75Q9_36E_  04 

_0. 710967E 

03 

0.112438E 

04 

0 . 440357E-07 

0 . 746770E 

04 

0 • 736418E 

03 

0. 104304E 

04 

0.448991E-07 

0 . 742459E 

04 

0. 761304E 

03 

0 . 860538E 

03 

0 . 457626E-07 

0 • 738006E 

04 

0.785629E 

03 

0 . 645344E 

03 

n 

0  <  466260E-07 

0.733416E 

04 

0. 809398E 

03 

0.435354E 

03 

'• 

0.474894E-07 

_ Q . 728689E 

Q4 

0. 832618E 

03  . 

0. 249667E  03 

0.483529E-07 

0. 723831E 

04 

0 1 855294E 

03 

0. 961554E 

02 

0.492163E-07 

0*  718844E 

04 

0.877431E 

03 

-0.237389E 

02 

' 

0 . 50Q798E-07 

0.713731E 

04 

0.899035E  03 

-0.1 1201  OF  03 

4 

0.509432E-07 

0 . 708495E 

04 

0.920112E 

03 

-0. 172274E 

03 

0.518067E-07 

0 . 703139E 

04 

0  4  940667E 

03 

-0 . 208696E 

03 

6 

04  _ 

0_3 

03 

0.535336E-07 

0 . 692080E 

04 

0 » 980236E 

03 

-0.226163E 

03 

b 

0.543970E-07 

0.686382E 

04 

0.999262E 

03 

-0 . 214279E 

03 

9 

0.552604E-07 

0. 680577E 

04 

0  > 101779E 

04 

-0.192536E  03  _ 

•o 

0.561239E-07 

0.674666E 

04 

0 . 103582E 

04 

-0 . 163239E 

03 

” 

0.569873E-07 

0 . 668653E 

04 

0 . 105337E 

04 

-0 . 128259E 

03 

0 . 578508E-07 

0, 662540E 

04 

0 . 107043E 

04 

-0 . 890956E 

02 

13 

0.587142E*-07 

0.656330E 

04 

0. 108702E 

04 

-0.469375E 

02 

14 

0.595777E-07 

0 . 650026E 

04 

0.110314E 

04 

-0.271671E 

01 

•5 

0. 60441 IE-07 

0.643631E 

04 

0.1 11879E 

04 

0 . 428408E 

02 

’6 

0.613046E-07 

0 . 637147E 

04 

0. 113399E 

04 

0 . 891741E 

02 

T" 

0.621680E-07 

0.630577E 

04 

0. 114873E 

04 

0.135853E 

03 

18 

0 . 6303l’4E-07 

0 . 623923E 

04 

0.116302E 

04 

0 . 182547E 

03 

19 

0.638949E-07 

0.6171B9E 

04 

0.117687E 

04 

0.229010E 

03 

h 

0.647583E-07 

0.A10375E 

04 

0.119028E 

04 

0.275052E 

03 

r’ 

0.656218E-07 

0.603476E 

04 

0. 120785E 

04 

0.320535E 

03 

0.664852E-07 

0.596462E 

04 

0 » 122916E 

04 

0 . 365354E 

03 

p 

0.673487E-07 

0.589328E 

04 

0. 124896E 

04 

0 . 409434E 

03 

u'i 

0. 682121E-07 

0. 582092E 

04 

0. 126474E 

04 

0 . 452720E 

03 

? 

0.690756E-07 

0.574779E 

04 

0.127562E 

04 

0 • 495173E 

03 

F* 

0.699390E-07 

0.567417E  04 

0.128161E 

04 

0. 53676 7E 

03 

■” 

0 • 708024E-07 

0.S60033E 

04 

0.128320E 

04 

0 . 577484E 

03 

.« 

0 . 716659E-07 

0.552652E 

04 

0. 128107E 

04 

0.617313E 

03 

2* 

0 < 725293E-07 

0.545291E 

04 

0 . 127594E 

04 

0.656250E 

03 

30 

0 « 733928E-07 

0.537967E 

04 

0. 126851E 

04 

0 . 694294E 

03 

31 

0 » 742562E-07 

0. 530691 E 

04 

0. 125939E 

04 

0.731444E 

03 

3' 

0.751197E-07 

0.523471E 

04 

0. 124912E 

04 

0.767706E 

03 

p 

0 « 7S9831E-07 

0 • 516312E 

04  & 

0.12381 IE 

04 

0.803084E 

03 

P4 

0.768466E-07 

0.509218E 

04 

0.122674E 

04 

0.837584E 

03 

*!  0.777100E-07 

0.502189E 

04 

0  •  121527E 

04 

0 . 871215E 

03 

36 

0.785734E-07 

0 . 495227E 

04 

0 • 120392E 

04 

0. 903983E 

03 

3’[  0.794369E-07 

0 . 488328E 

04 

0. 119286E 

04 

0. 935898E 

03 

»:  0.803003E-07 

0.481493E 

04 

0. 118220E 

04 

0.966967E 

03 

h  0.B11638E-07 

0.474717E 

04 

0.117205E 

04 

0.997201E 

03 

40 

0.820272E-07 

0.467998E 

04 

0 . 1 16245E 

04 

0 . 102661E 

04 

*1 

0.828907E-07 

0  * 461333E 

04 

0.115346E 

04 

0.105520E 

04 

l? 

0.837541E-07 

0 . 454717E 

04 

0.114510E 

04 

0.108298E 

04 

•3 

0.846176E-07 

0.448148E 

04 

0. 113737E 

04 

0. 110996E 

04 

M 

0.834810E-07 

0.441622E 

04 

0*  113030E 

04 

0. 113615E 

04 

•S 

0.863444E-07 

mntrmnmzmm 

0. 1123S6E 

mn 

TIME 


CAP  VOLTAGE 


CURRENT  1 


CURRENT  2 


0. 

0 .  431722E-07 
0.863444E-07 
0.129517E-06 
0.172689E-06 
0.215861E-06 
0.259033E-06 
0.302206E-06 
0.345378E-06 
0.388550E-06 
0 ♦ 431722E-06 
0 . 474894E— 06 
0.518066E-06 
0.561238E-06 
0.604410E-06 
0 . 647582E-06 
0.690754E-06 
0.733926E-06 
0 . 777098E-06 
0.820269E-06 
0.863441E-06 
0.906613E-06 
0  *  949785E— 06 
0.99295 7E-06 
0 . 103613E-05 
0.107930E-05 
0. 112248E-05 
0.116565E-05 
0. 120882E-05 
0. 125199E-05 
0.129517E-05 
0.133834E-05 
0.138151E-05 
0. 142468E-05 
0. 146786E-05 
0. 151103E-05 
0.155420E-05 
0. 159737E-05 
0. 164055E-05 
0. 168372E-05 
0.172689ET-05 
0. 177006E-05 
0. 181324E-05 
0 . 185641E-05 
0. 189958E-05 
0.194275E-05 
0.198593E-05 
0.202910E-05 
0. 207227E-05 


0.800000E  04 
0 . 750936E  04 
0.435134E  04 
0. 104646E  04 
-0. 272788E  04 
-0.501412E  04 
-0. 610572E  04 
-0.530489E  04 
-0.339236E  04 
-0.67S616E  03 
0.184440E  04 
0.371878E  04 
0 . 440342E  04 
0 . 393328E  04 
0.243113E  04 
0.552961E  03 
-0. 133428E  04 
-0.268733E  04 
-0.322447E  04 
-0.288225E  04 
-0 . 183783E  04 
-0.428893E  03 
0.951652E  03 
0. 195074E  04 
0 . 235421E  04 
0.211492E  04 
0  ♦  136027E  04 
0.331883E  03 
-0.678159E  03 
-6. 141614E  04 
-0. 171844E  04 
-0.155246E  04 
-0. 100582E  04 
-0.256851E  03 
0. 483879E  03 
0. 102730E  04 
0 . 125476E  04 
0. 113897E  04 
0.743902E  03 
0 . 197828E  03 
-0. 344643E  03 
-0 . 7454Q6E  03 
-0 . 915970E  03 
-0.835694E  03 
_rP_»  54_98?1  E  _  0  3 
-0. 151980E  03 
0.245346E  03 
0«.540640E  03 
0.668592E  03 


0  •  710967E  03 
0.1 123S6E  04 
0 . 134489E  04 
0.105428E  04 
0.630366E  03 
0. 173694E  02 
-0.462119E  03 
-0.391772E  03 
-0.919987E  03 
-0.817010E  03 
-0. 435795E  03 
-0.4B5256E  02 
0.364326E  03 
0 ♦ 606922E  03 
0.706238E  03 
0.578777E  03 
0.34637 IE  03. 
0 • 249725E  02 
-0.256102E  03 
-0 . 452304E  03 
-0.504323E  03 
-0*  431084E  03 
-0.249266E  03 
-0.265587E  02 
0. 184854E  03 
0 . 324996E  03 
0.369542E  03 
0.315438E  03 
0. 187355E  03 
0.226744E  02 
-0. 131272E  03 
-0 » 236718E  03 
-0.270981E  03 
-0.232639E  03 
-0. 138782E  03 
-0. 188232E  02 
0.941045E  02 
0. 172023E  03 
0. 198513E  03 
0. 171599E  03 
0.103120E  03 
0. 150277E  02 
-0. 680381 E  02 
-0. 125334E  03 
-0. 144995E  03 
-0. 125759E  03 
-0.7A3631E  02 
-0. 123134E  02 


0. 112438E  04 


0. 121740E  04 
0.138077E  04 
0 ♦ 436748E  03 
0 . 303261E  03 
-0.657417E  03 
-0 . 774774E  03 
-0.103161E  04 
-0.817310E  03 
-0.586612E  03 
0.508070E  02 
0  *  266137E  03 
0 . 653429E  03 
0. 718615E  03 
0.659834E  03 
0.347499E  03 
0 . 506553E  02 
-0.261027E  03 
-0 ♦ 425414E  03 
-0.540234E  03 
-0.470947E  03 

-0 1 284708E_03 _ 

-0.354533E  02 
0 » 185394E  03 
0 ♦ 341220E  03 
0.380553E  03 
0.327674E  03 
_  Ojl 202029E_0  3 
0.428442E  02 
-0. 118309E  03 
-0 . 242399E  03 
-0. 29121 OE  03 
-0.253294E  03 
-0.153210E  03 
-0.249613E  02 
0.969816E  02 
0 . 180413E  03 
0.207176E  03 
0* 176949E  03 
0.106653E_03__ 
0. 194513E  02 
-0.625212E  02 
-0 . 121785E  03 
-0.146722E  03 
-0. 134071E  03 
-0. 880157E  02 


DATE 

FILMED 

Q 

<  O 


